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Structural and kinetic studies of several CpRu(CO)(L)(2-olefin)+ complexes, where 
Cp = Cp (5-C5H5) or Cp* (5-C5Me5) and olefin = methyl oleate (18:1), cis-3-hexene, 
trans-3-hexene, or 1,4-pentadiene, were undertaken to determine the orientation and binding 
ability of the olefin.  The X-ray structure of CpRu(CO)(PPh3)(cis-3-hexene)+ shows that in 
the solid state the olefin C=C double-bond is orientated parallel to the Cp ring and the ethyl 
group substituents are pointed up and away from the PPh3 ligand, presumably due to the 
steric bulkiness of the PPh3. The 1H and 13C NMR spectra for the complexes containing 
trans-3-hexene show that the olefin is rotating rapidly around the metal-olefin bond based on 
the equivalence of the methyl groups on the olefin, which would appear inequivalent if the 
olefin were not rotating.  Kinetic studies of the substitution of the olefin by PPh3 in 
CpRu(CO)2(2-olefin)+ complexes show that the lability of 18:1 and cis-3-hexene are 
similar.  An increase in olefin lability is seen on replacing cis-3-hexene with trans-3-hexene 
and Cp with Cp*.  Both changes increase the rate of olefin dissociation due to increases in 
steric crowding between the Cp ligand and the olefin. 
 Substitution of CpRu(CO)2(2-trans-olefin)+, where olefin = trans-3-hexene, trans-2-
pentene, trans-3-octene, trans-4-octene, or trans-5-decene, by incoming ligands (L) results in 
the formation of CpRu(CO)2(L)+ and the release of both trans-olefin and cis-olefin.  Some of 
the more effective substituting ligands that favor the release of cis-olefins are para-
substituted pyridine derivatives, which react with CpRu(CO)2(trans-3-hexene)+ to give 
cis/trans ratios of 3-hexene that increase with the basicity of the amine: CF3- (18/82) < H- 
(67/33) < CH3- (74/26) < CH3O- (76/24).  Several factors influence the amount of cis-olefin 
vi
released during the course of the reaction; specifically, increases in temperature, solvent 
polarity, olefin side-chain length, and substituting ligand size all serve to reduce the amount 
of cis-olefin released.  A mechanism is proposed that invokes olefin slippage from 2 to 1-
coordination in the rate-determining step.  
 Partial separation of polyunsaturated fatty acid methyl esters (FAMEs) was 
accomplished using AgNO3/SiO2 adsorbents prepared by incipient wetness impregnation 
(IWI).  In comparison to AgNO3/SiO2 adsorbents prepared by wet impregnation (WI), the 
IWI-prepared adsorbents exhibit higher selectivities for the polyunsaturates 18:3 and 18:2 
due to a more uniform AgNO3-covered surface.  By extracting 9% of the methyl soyate feed 
solution, the amount of 18:3 can be reduced from 7.0% to 1.3% using 5.0 g of 40% 
AgNO3/SiO2-IWI.  Complete removal of 18:3 from feed solutions of both methyl soyate and 
methyl canolate was accomplished by using a larger amount of adsorbent.  The AgNO3/SiO2-
IWI adsorbents can be reused in multiple extractions without significant loss in selectivity for 
18:3. 
 
1CHAPTER 1:  GENERAL INTRODUCTION 
 
Dissertation Organization 
 This dissertation contains three papers in the format required for journal publication. 
They describe (in part) my research accomplishments as a graduate student at Iowa State 
University.  The work described within can be broadly categorized as the binding of internal-
olefins, notably unsaturated fatty acid methyl esters (FAMEs), by transition metals.  Chapter 
2 is the investigation of olefin binding by CpRu(CO)(L)+, where Cp = 5-C5H5 (Cp) or 5-
C5Me5 (Cp*) and L = CO or PPh3. Chapter 3 deals with the factors that influence the 
heretofore unknown conversion of trans- to cis-olefins caused by olefin substitution in 
CpRu(CO)2(2-trans-olefin)+. Chapter 4 presents the preparation of AgNO3/SiO2 adsorbents 
by incipient wetness impregnation and their subsequent use in the partial fractionation of 
FAMEs solutions produced from soybean and canola oil.  The first chapter gives a brief 
vegetable oil background before detailing previously synthesized CpM(CO)2(2-olefin)+ (M 
= Fe, Ru) complexes, cis-trans olefin isomerizations catalyzed with and without metal 
compounds, and the separation of FAMEs by argentation chromatography.  The last chapter 
(Chapter 5) is a summary of the key points described in Chapters 2, 3, and 4.  Each chapter is 
independent, and all equations, schemes, figures, tables, references, and appendices in this 
dissertation pertain only to the chapter in which they appear. 
Literature Review 
A. Vegetable oil overview 
Due to the increasing price of gasoline and the exhaustible amounts of crude oil being 
consumed on a daily basis, there has been a renewed interest in alternative energy sources.1
2In particular, efforts in the Midwest have focused primarily on the use of vegetable oils, 
specifically soybean oil, as a cheaper, more environmentally-friendly energy feedstock.2
Soybean oil, after base-catalyzed transesterification with methanol, has the following 
composition: 10.3% methyl palmitate (16:0), 4.5% methyl stearate (18:0), 24.6% methyl 
oleate (18:1), 53.6% methyl linoleate (18:2), and 7.0% methyl linoleneate (18:3).3 (The first 
number in parentheses represents the chain length, while the second indicates the number of 
double bonds.)  These fatty acid methyl esters (FAMEs) can be used as a fuel, as in 
biodiesel,4 or they can be used in a number of other applications, such as a green solvent,5
lubricant, detergent or plasticizer6 depending on the FAMEs compositions of the oils.   
 The average composition of FAMEs produced from soybean oil consists mostly of 
unsaturated molecules containing one (18:1), two (18:2), or three (18:3) cis double-bonds.  
The presence of one or more olefin bonds in these molecules makes them especially 
attractive as polymer feedstocks7 as they are renewable, inherently biodegradable, and 
available in large quantities, but their separation from one another is extremely difficult due 
to similar molecular weights and boiling points.  Furthermore, past equilibrium studies8 have 
shown that the binding constants of the cis-olefins to the organometallic fragment, 
CpPd(PR3)+, are similar and separation based on differences in olefin coordination by a 
single metal fragment is probably not feasible.  In addition, all of the CpPd(PR3)(2-FAME)+
complexes formed in situ during the equilibrium studies were unstable; therefore, a suitable 
system for isolating stable compounds was sought, which could also be used to study the 
nature of the metal-FAME bond. 
 
3B. Synthesis of CpRu(CO)(L)(2-olefin)+ complexes  
 Iron was the focus of initial studies due to its low cost and the substantial amount of 
research that has been performed on simple CpFe(CO)2(2-olefin)+ complexes.9 One of the 
main factors contributing to this large library of CpFe(CO)2(2-olefin)+ compounds is the 
relative ease in which they can be produced.  Many CpFe(CO)2(2-olefin)+ complexes have 
been prepared by simply heating CpFe(CO)2(THF)+ or CpFe(CO)2(2-CH2CMe2)+ with the 
free olefin (olefin = ethene, 1-hexene, 1,5-hexadiene, 2-pentene, cyclopentene, cyclohexene, 
1,4-cyclohexadiene, 1,3-cycloheptadiene, 1,3-cyclooctadiene, 1,5-cyclooctadiene, 
norbornadiene), to displace the THF or isobutene to give the CpFe(CO)2(2-olefin)+
complex.10 Furthermore, CpFe(CO)2(H2O)+ can serve as a starting material wherein the 
water molecule can be displaced by an incoming olefin.11 Even more compounds were 
produced by protonation of an allylic compound such as CpFe(CO)2(3-C3H5)+ to give 
CpFe(CO)2(2-CH2CHMe),12 P-elimination illustrated by the acidification of  
CpFe(CO)2CH2CHRO- to give CpFe(CO)2(2-CH2CHR)+,13 oxidation of [CpFe(CO)2]2 in 
the presence of excess olefin,14 and abstraction of a halide from CpFe(CO)2X (X = Br, Cl, I) 
in the presence of excess olefin.15 The synthetic routes involving formation of the olefin 
from an alkyl precursor are not feasible in the present studies because the olefins in question 
cannot be formed in situ. Initial syntheses using CpFe(CO)2(2-CH2CMe2)+ as the starting 
material focused primarily on the binding of methyl oleate (18:1) as it was readily available 
and inexpensive.  In addition, it contained only one olefin bond, which should make product 
identification easier in comparison to the multiple complexes that could form from 18:2 and 
18:3. 
4Displacement of isobutene from CpFe(CO)2(2-CH2CMe2)+ by methyl oleate was 
accomplished, although the conversion was incomplete, and paramagnetic material was 
generated during the reaction as evidenced by extremely broad peaks in the 1H NMR 
spectrum.  Alternatively, removal of iodide from CpFe(CO)2I using AgBF4 in the presence of 
a large excess of 18:1 was tried, resulting in formation of the desired product, as well as 
CpFe(CO)3+, based on IR spectroscopy.  Purification of the desired compound, 
CpFe(CO)2(2-18:1)+, resulted in the isolation of a dark-brown oil, which decomposed, even 
under vacuum, leading to a renewed search for a more stable system. 
 In a previous study by Moss,16 the isolation of long-chain -olefin complexes as 
crystalline solids was accomplished using either CpFe(CO)2+ or CpRu(CO)2+ as the 
organometallic fragment.  Specifically, both [CpFe(CO)2(2-CH2=CH(CH2)13CH3)]PF6 and 
[CpRu(CO)2(2-CH2=CH(CH2)13CH3)]PF6 were synthesized from the corresponding alkyl 
precursor, CpM(CO)2(1-C16H33) (M = Fe, Ru) by P-hydride abstraction using Ph3CPF6. As 
our prior isolation attempts with CpFe(CO)2+ had led to decomposition, we decided to focus 
on using CpRu(CO)2+ to bind 18:1.  Previously in our group it was found that CpRu(CO)2+
was able to form relatively stable complexes with bulky dibenzothiophene derivatives 
(DBTs) through sulfur coordination, which represented the first isolated compounds of their 
type, [CpRu(CO)2(1(S)-DBT)]BF4.17 The ability of CpRu(CO)2+ to effectively bind large 
-olefins, as well as sterically hindered DBTs, suggested that the CpRu(CO)2+ fragment 
would bind to the sterically encumbered internal olefins of the FAMEs. 
 The research presented in Chapter 2 of this dissertation deals with the synthesis of 
several new CpRu(CO)(L)(2-olefin)+ (Cp = 5-C5H5, 5-C5Me5; L = CO, PPh3; olefin = 
518:1, cis-3-hexene, trans-3-hexene, 1,4-pentadiene) complexes by Cl- abstraction from the 
parent compound, CpRu(CO)(L)Cl using AgX (X = BF4, PF6) salts.  Complexes formed 
from Cp*Ru(CO)2Cl and CpRu(CO)(PPh3)Cl were synthesized after it was found that 
CpRu(CO)2+ could successfully bind a variety of olefins.  The IR, 1H NMR, and 13C NMR 
spectroscopic characterization of these complexes, as well as the orientation and rotational 
fluxionality of the bound-olefin, is discussed in detail.  Exploratory kinetics using PPh3 as the 
incoming ligand to displace the bound olefin were also undertaken to elucidate the relative 
strengths of the Ru-olefin bond, which have not been reported previously in the literature for 
CpRu(CO)2(2-olefin)+ complexes. 
C. Trans-to-cis olefin isomerization    
 During the course of the olefin displacement studies, it was found that the reaction of 
CpRu(CO)2(trans-3-hexene)+ with PPh3 produces not only CpRu(CO)2(PPh3)+ and trans-3-
hexene, but also cis-3-hexene.  That is, during the course of the displacement reaction, some 
of the trans-3-hexene was converted into the cis isomer.  This was surprising, as the 
formation of the cis isomer is thermodynamically unfavorable in comparison to the trans 
isomer, which under equilibrium conditions normally accounts for >75% of the isomeric 
forms.18 In general, olefin isomerization can be accomplished by a variety of methods, 
which include gas-phase isomerization, addition-elimination of tris(trimethylsilyl)silyl,19 
thiyl,20 stannyl,21 bromine22 and iodine23 radicals to olefins, heating of olefins in acetic acid24,
photolysis of olefins in aromatic solvents,25 and hydrogenation of olefins over a palladium 
catalyst.26 However, it appears that the trans to cis conversion observed in the 
CpRu(CO)2(trans-3-hexene)+ reaction must involve the metal fragment to some degree.   
6There are several established mechanisms by which cis- and trans-olefins undergo 
isomerization.27 Organometallic compounds that contain an 2-coordinated olefin, as well as 
a hydride ligand, can often undergo intramolecular insertion if the two ligands are cis to one 
another (Scheme 1).   
Scheme 1. Isomerization of bound cis-olefin to trans-olefin by hydride insertion into the 
metal-olefin bond. 
 
The formal addition of the hydride to the olefin proceeds through a four-centered 
intermediate to give an 1-complex.  Once the 1-complex is formed, the formerly olefinic 
C=C bond can now freely rotate around the C-C single bond.  Depending on the orientation 
of the alkyl substituent, the 1-complex can undergo P-hydride elimination to give either the 
cis- or trans-olefin.  In addition to providing a route for cis-trans isomerization, this 
mechanism also accounts for the migration of the double bond along a hydrocarbon chain. 
However, the presence of a hydride ligand in the starting complex is not a necessary 
requirement for olefin isomerization.  A metal complex containing an 2-olefin can undergo 
7P-hydride elimination if the complex is coordinatively unsaturated to give an intermediate 
that contains a hydride ligand, as well as an 3-allyl ligand (Scheme 2).   
Scheme 2. Isomerization of cis-olefin to trans-olefin by 3 to 1 to 3 allyl transformations. 
The 3-allyl group is not static and can convert to an 1-binding mode, which allows for 
rotation around the C-C single bond.  Once the 3-allyl ligand is reformed, a hydride 
insertion can occur reforming the 2-olefin, which can be in either the cis or trans 
arrangement.  This mechanism also provides a pathway for migration of the double bond 
along a hydrocarbon chain.   
A third mechanism for the production of both cis- and trans-olefins involves the 
olefin metathesis of carbene complexes (Scheme 3).   
8Scheme 3. Isomerization of cis-olefin to trans-olefin by olefin metathesis with a metal 
carbene complex. 
 
Metal-carbon double bonds can react with olefins to give four-membered metallacycles as 
intermediates.  Depending on the fragmentation of the metallacycle, either the original 
reactants are generated or a new carbene and olefin are produced.  Although the metathesis 
yields new olefins, it also produces both cis- and trans-olefins.   
 These three mechanisms involve either the transient formation of an 1-alkyl, 3-allyl 
or metallacycle intermediate.  The formation of an 3-allyl species seems unlikely in our 
studies, as an 3-intermediate would be expected to move the double-bond in trans-3-hexene 
from the 3-position to the 2- or 1-position, which does not occur during the course of the 
reaction.  Also, in Schemes 1 and 2, a hydride ligand is prominently involved, which has not 
been identified by spectroscopic methods, although its presence cannot be ruled out solely on 
this basis.  However, as with the 3-intermediate, the addition and elimination of a hydride 
group would be expected to give positional isomers of the double-bond, which are not seen.  
Formation of a metallacycle also does not seem likely, as our work does not involve the use 
of a carbene complex or the addition of free olefin, which are necessary for the formation of 
a metallacycle.  There is, however, a precedence for 1 formation as prior work by 
Rosenblum has shown that nucleophilic attack of amines, phosphines, alkoxides, and 
mercaptans on CpFe(CO)2(2-olefin)+ compounds leads to the formation of 1-complexes 
9resulting from attack of the nucleophile on one of the olefinic carbons.28 It is also known that 
CpRu(CO)2(2-CH2=CH2)+ reacts with NH3 to give CpRu(CO)2(1-CH2CH2NH3)+.29 
The research presented in Chapter 3 of this dissertation deals with the synthesis of 
several new [CpRu(CO)2(2-trans-olefin)]+ complexes and their reactions with a variety of 
nucleophiles to release varying amounts of cis- and trans-olefin.  The relative amounts of cis 
and trans-olefin released during the course of the reaction are compared with equilibrium 
values and a viable mechanism is proposed that accounts for the observed conversions. 
D. Partial Separation of FAMEs by AgNO3/SiO2 adsorbents prepared by incipient wetness 
impregnation. 
 As mentioned in part A, FAMEs produced from vegetable oils, can be used in a large 
number of applications depending on the exact composition of the FAMEs mixture (carbon 
chain length and amount of unsaturation).  Soybean oil, which is the major vegetable oil 
produced in the United States at 30 million gallons in 20047, contains a relatively high 
number of unsaturated FAMEs that would be useful not only as polymer feedstocks if 
separated into their constituent molecules, but also as varnishes, coatings, and cooking oils if 
reacted with glycerol to reform the oil.  Unfortunately, soybean oil use is limited due to its 
oxidation susceptibility when exposed to air, which mainly stems from the highly unsaturated 
18:3.30 Oxidation of the internal allylic C-H bonds in 18:3 can lead to intermolecular 
rearrangements, as well as cross-linking between molecules of 18:3, which can lead to an 
increase in molecular mass and a concomitant decrease in lubricity.  For this reason, natural 
soybean oil is rarely used as an engine lubricant as the exposure to air and heat oxidizes the 
18:3 in the oil yielding a viscous substance that increases wear on the engine.31 Similarly, 
the presence of 18:3 in soybean oil makes it a poor choice for use in biodegradable grease, 
10
which is generally comprised of monounsaturates like 18:1 that will not harden over long 
periods of time.32 Furthermore, cooking oils over time develop an unpleasant taste due to 
oxidation normally associated with 18:3 and could be used for longer periods of time if 
oxidation were suppressed.  Therefore, partial or complete removal of 18:3 from soybean oil 
would give a FAMEs composition that is less susceptible to oxidation, which could then be 
used more broadly, as in lubricants.   
 Complete separation of mixtures of FAMEs containing various amounts of 
unsaturation has been realized on an analytical scale using argentation chromatography.  
Columns imbedded with Ag+ ions have been used in many instrumental methods, such as 
high performance liquid chromatography33, gas chromatography34, and thin-layer 
chromatography,35 all of which separate the FAMEs molecules predominantly by the number 
of double bonds they contain.  While these chromatographic methods are capable of 
completely separating the FAMEs mixtures, they can only separate small amounts of 
material at a time and cannot feasibly be scaled up to an industrial scale separation. 
 A report by Stein and Slawson36 showed that adequate separation on a milligram 
scale of FAMEs containing up to six double bonds (22:6) could be achieved using a silicic 
acid-silver nitrate adsorbent.  The more unsaturated the FAME was, the longer it was 
retained on the AgNO3 impregnated column due to a higher number of interactions between 
the multiple double bonds and the Ag+ ions.  In an effort to make use of the selectivity of the 
silicic acid-silver nitrate adsorbent for unsaturated FAMEs for the purpose of separating 
FAMEs on a larger scale, Ghebreyessus showed that 1.0 mL of FAMEs derived from 
soybean oil could be partially separated into its constituent FAMEs using 5.0 g of 20% 
AgNO3/SiO2 (w/w%) that was prepared by wet impregnation (WI).37  In this study, the 
11
amount of 18:3 in the feed solution was reduced from 7.0% to 0.1% though this was 
accomplished by removing 0.65 mL of the initial FAMEs mixture.   
The research presented in Chapter 4 details the preparation of AgNO3/SiO2
adsorbents by incipient wetness impregnation (IWI) and their subsequent use in the partial 
separation of FAMEs from both soybean oil and canola oil.  The IWI method differs from the 
WI method in the amount of precursor solution (AgNO3 solution) used to impregnate the 
substrate (SiO2).  In WI, the substrate is completely covered by excess precursor solution and 
the solution is then evaporated off.  In IWI, only enough precursor solution is added to 
completely fill the pore volume of the substrate.  The use of IWI in the preparation of 
adsorbents should allow for a more uniform distribution of AgNO3 on the SiO2 surface 
relative to WI.  This more uniform distribution leads to a AgNO3/SiO2 adsorbent that is more 
selective for 18:3.   
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CHAPTER 2:  SYNTHESIS OF CpRu(CO)(L)(2-olefin)+
COMPLEXES AND KINETIC STUDIES OF OLEFIN 
SUBSTITUTION 
A Paper published in Organometallics
Kevin M. McWilliams, Arkady Ellern, and Robert J. Angelici
Abstract
Ruthenium(II)-olefin complexes [CpRu(CO)(L)( 2-olefin)]+ (Cp = Cp, Cp*; L = CO,
PPh3; olefin = methyl oleate , cis-3-hexene , trans-3-hexene, 1,4-pentadiene) have been
synthesized and characterized by IR, 1H NMR, and 13C NMR spectroscopy. An X-ray
structure of [CpRu(CO)(PPh3)(2-cis-3-hexene)]+ shows that the olefinic bond is near-parallel
to the plane of the Cp ligand. The olefin in [CpRu(CO)2(2-trans-3-hexene)]+ and
[Cp*Ru(CO)2(2-trans-3-hexene)]+ rotates rapidly about the Ru-olefin bond even at 30 ºC,
as established by the presence of a single methyl signal for the olefin in the 1H NMR
spectrum, whereas olefin rotation in [CpRu(CO)(PPh3)(2-trans-3-hexene)]+ is slow on the 1H
NMR time scale at 25 °C. The [CpRu(CO)(PPh3)]+ unit exhibits a unique
diastereoselectivity by binding to only one face of trans-3-hexene, due to steric repulsion
between the ethyl groups of the trans-3-hexene and the bulky Cp and PPh3 ligands.
_____________________
*Reproduced with permission of Organometallics 2007, 26, 1665-1673.
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Kinetic studies of the substitution of the olefin in [Cp Ru(CO)2( 2-olefin)]+ by PPh3 show that
the lability of the large methyl oleate is similar to that of the smaller cis-3-hexene.
Replacement of Cp by Cp* and cis-3-hexene by trans-3-hexene increases substantially the
rate of olefin substitution due to an increase in steric repulsion.
Introduction 
Transition metal-olefin complexes of the type [CpFe(CO)2(2-olefin)]+ (Cp = C5H5)
can be prepared by a number of methods, such as alkene exchange,1 displacement of water
from [CpFe(CO)2(OH2)]+,2 oxidation of [CpFe(CO)2]2,3 and by halide abstraction from
CpFe(CO)2I.4 These complexes are useful as models for catalytic intermediates, as well as
reagents in organic synthesis.5 The ruthenium analogues are not nearly as well studied in
either the number of compounds or investigations of their reactivity.6 Known compounds of
the type [CpRu(CO)2( 2-olefin)]+ (olefin = ethylene, propene, cyclohexene, 1-pentene, 1-
hexadecene)7 are relatively few, which may be attributed to the limited synthetic techniques
that have been employed, almost all of which center on using a Lewis acid in the presence of
excess olefin.8
Recently our group reported equilibrium constants for 2-coordination of several
unsaturated fatty acid methyl esters [methyl oleate (18:1), methyl linoleate (18:2), and methyl
linoleneate (18:3)] and smaller olefins (cis-3-hexene, 1,4-pentadiene) in [CpPd(PR3)(2-
olefin)]+ complexes.9 None of the complexes of the unsaturated fatty esters were sufficiently
stable to be isolated. On the basis of previous reports of [CpRu(CO)2(2-olefin)]+ complexes,
it appeared that it may be possible to isolate analogous complexes of the unsaturated fatty
esters and compare the kinetic lability of 2-methyl oleate (18:1, cis-
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CH3(CH2)7CH=CH(CH2)7CO2Me) with smaller olefins in a series of [CpRu(CO)2(2-olefin)]+
complexes. The ability of ruthenium to successfully bind large olefins has been detailed in a
recent study in which Ph3C[PF6] was used to abstract a hydride from CpRu(CO)2(1-C16H33) to
yield [CpRu(CO)2(2-CH2=CH(CH2)13CH3)]+.10
Herein we report the synthesis and characterization of a series of ruthenium-olefin
complexes of the type [CpRu(CO)(L)(2-olefin)]+, where Cp = Cp or Cp* and L = CO or
PPh3, with a focus on defining the orientation and rotational fluxionality of the olefin and the
diastereoselectivity of the [CpRu(CO)(PPh3)]+ unit for binding one face of the olefin. Kinetic
studies of the displacement of the olefin in the [CpRu(CO)2(2-olefin)]+ complexes by PPh3
were performed in an effort to determine structural effects of the olefin and Cp ligand on the
lability of the olefin.
Results and Discussion
Synthesis and Structural Characterization of the [CpRu(CO)(L)(2-olefin)]+Y
Complexes. These complexes were all prepared by the abstraction of Cl from
CpRu(CO)(L)Cl, where L = CO or PPh3 and Cp is Cp = 5-C5H5 or Cp*= 5-C5Me5, in the
presence of the desired olefin (eq. 1). The general structures of the synthesized compounds
are shown in Figure 1.
CpRu(CO)(L)Cl  +  olefin   2 2AgY,CH Cl
AgCl
 [CpRu(CO)(L)(2-olefin)]+Y (1) 
For Cp=Cp, L=CO, Y=BF4
1, olefin = 18:1 
2, olefin = c3Hx 
3, olefin = t3hx 
4, olefin = 1,4ptd 
For Cp=Cp*, L=CO, Y=PF6
5, olefin = 18:1 
6, olefin = c3hx 
7, olefin = t3hx 
8, olefin = 1,4ptd 
For Cp=Cp, L=PPh3, Y=PF6
9, olefin = 18:1 
10, olefin = c3hx 
11, olefin = t3hx 
12, olefin = 1,4ptd 
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(18:1 = cis-CH3(CH2)7CH=CH(CH2)7CO2Me; c3hx = cis-3-hexene; t3hx = trans-3-hexene; 
1,4ptd = 1,4-pentadiene) 
Figure 1. Structures of compounds 1-12. Carbon and hydrogen labels correspond to NMR 
assignments given in the Experimental section. 
 
With the exception of 5 and 9, all products were isolated as either light tan or light yellow 
solids.  Complexes 5 and 9 were isolated as a dark brown oil and a dark yellow oil, 
respectively.  All of the solid compounds, with the exception of 8, are stable indefinitely as 
solids and stable for several days if left in solution open to air. 
In the 	(CO) region of their IR spectra, complexes 1-3 have two peaks that appear at
~2077 cm1 and ~2034 cm1; these absorptions occur at slightly higher values at 2083 cm1
and 2040 cm1 in the 1,4ptd complex 4. Complexes 5-8 exhibit 	(CO) values (~2062 cm1
and ~2018 cm1) that are about 15 cm1 lower than those in the analogous Cp complexes 1-4 
due to the stronger electron-donating ability of the Cp* ligand.11 The PPh3-substituted
complexes 9-11 exhibit one 	(CO) peak at ~2003 cm1, whereas the 1,4ptd complex 12
exhibits a peak slightly higher at 2006 cm1. In the compounds 1, 5, and 9 of 18:1, the
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	(C=O) value of the ester group is the same as that (1732 cm1) in free methyl oleate which
indicates that the Ru does not bind to the ester group. The preference for ruthenium binding
to an olefin in the presence of an ester group has been shown previously in the
[CpRu{Ph2PCH(CH3)CH(CH3)PPh2}(2-H2C=CHCO2Me)]+ complex.12
An X-ray structure determination of 10 shows that the crystal diffraction data were
consistent with the space groups P1 and P1U (Table 1). The E-statistics strongly suggested the
centrosymmetric space group P1U , which yielded chemically reasonable and computationally
stable refinement results. Two molecules of 10, two counter-ions and one molecule of
CH2Cl2 solvent were found in an asymmetric unit of the triclinic cell showing the existence of
both enantiomers in the crystal lattice. The ORTEP drawing for one of them is shown in
Figure 2. Both enantiomers assume a three-legged piano stool geometry. The double-bond
of the cis-3-hexene ligand is approximately parallel to the Cp ring having a tilt angle ( ) of
94.6º, which is defined by the angle between the Ru(1)-C(26)=C(27) plane and the plane
defined by the Cp centroid, Ru(1), and the C(26)=C(27) centroid (Fig. 3A). Both ethyl
groups in 10 point up toward but away from the cyclopentadienyl ring. The Ru(1)-C(26) and
Ru(1)-C(27) bond lengths [2.285(5) and 2.304(5) Å, respectively] are the same within
experimental error. The C26-C27 bond distance [1.367(8) Å] is slightly longer than that
(1.337 Å) of free ethylene.13 The olefinic C=C distance in 10 is shorter than that [1.416(13)
Å] in [Cp*Ru(CO)(PMeiPr2)(2-ethene)]+ (13), presumably because the higher electron
density provided by the Cp* and phosphine ligands increases 
-backbonding to the olefin in
13.14 The tilt angle ( ) is slightly larger (99.2º) for 13 in comparison to the angle (94.6º) in
10.
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Figure 2. ORTEP drawing of one of the independent [CpRu(CO)(PPh3)(c3hx)]+
enantiomers in 10 showing the atom-numbering scheme (50% probability thermal ellipsoids).  
Hydrogen atoms are omitted for clarity.  Selected bond lengths (Å): Ru(1)-C(26), 2.285(5); 
Ru(1)-C(27), 2.304(5); Ru(1)-P(1), 2.336(2); Ru(1)-C(30), 1.871(6); C(26)-C(27), 1.367(8).  
Selected bond angles (deg): Ru(1)-C(26)-C(27), 73.4(3); Ru(1)-C(27)-C(26), 71.9(3); C(26)-
Ru(1)-P(1), 85.50(15); C(27)-Ru(1)-C(30), 78.34(2); Ru(1)-C(26)-C(25), 117.4(4); Ru(1)-
C(27)-C(28), 116.0(4); P(1)-Ru(1)-C(30), 88.68(17); C(26)-C(27)-C(28), 125.9(5); C(25)-
C(26)-C(27), 124.4(5). 
 
In both compounds, the olefins tilt away from the PR3 ligand with the larger tilt in 13 being
attributed to the lack of R groups on the olefin permitting the ethylene to rotate closer to the
Cp ring. The P(1)-Ru(1)-C(26) angle [85.50(15)º] is greater than the C(30)-Ru-C(27) angle
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[78.34(2)º] in 10. This difference may be attributed to the larger size of the PPh3 ligand,
forcing the olefin toward the smaller carbonyl ligand, as was also suggested for 13.
Figure 3. Structure of [CpRu(CO)(PPh3)(CHR=CHR)]+ (A) depicts a tilt angle of 90º, and
the structure of [CpRe(NO)(PPh3)(CH2=CHR)]+ (B) shows the idealized 45º tilt angle.
The torsion angles C(25)-C(26)-C(27)-H(27a) (140º) and C(28)-C(27)-C(26)-H(26a) (-143º)
in 10 are smaller than that predicted for the free olefin (180º), which indicates that the
substituents on the olefinic carbons are bent out of the 
 nodal plane upon binding to the
metal fragment.
Previous studies of [CpM(CO)2(olefin)]+ (M = Fe, Ru) by Faller and Johnson showed
the preferred orientation of the olefins in these systems to be approximately parallel to the Cp
ring.15 This assignment was based on low temperature 1H NMR studies of the complexes,
where the Cp was an indenyl group. For the propene complex, estimated shifts for the
olefinic protons H
a
, Hb, and Hc were calculated based on a geometric model and shielding
effects caused by ring currents. It was found that both propene and trans-2-butene in their
iron complexes likely assume an approximate tilt angle of 100º to reduce the steric
interaction of the methyl groups with the indenyl ligand. For cis-2-butene, the NMR data
suggested a tilt angle of 90º in which both methyl groups are directed toward the less bulky
carbonyl ligands. At 94.6º, the tilt angle of cis-3-hexene in 10 is similar to those in the
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aforementioned complexes. Therefore, in 10, the cis-3-hexene is approximately parallel to
the Cp ring, like the cis-2-butene in Faller’s studies, but the ethyl groups in 10 point toward
the Cp ring, rather than away from it as in the [CpFe(CO)2(2-olefin)]+ complexes, owing to
the bulkiness of the PPh3 in 10.
The results of studies of [CpRe(NO)(PPh3)(2-olefin)]+ (14) with monosubstituted
(CH2=CHR) and disubstituted olefins (CHR=CHR) have led to the proposal that the double
bond of the olefin prefers to align with the Re-P vector to maximize 
-backbonding to the
olefin.16 The tilt angle ( ) in an idealized structure would be 45º (Fig. 3B). From X-ray
diffraction studies of the complexes with styrene, cis-2-butene, and trans-2-butene, the tilt
angles were found to be 65º, 64.2º, and 71.8º respectively.17 Deviations from the ideal angle
of 45º were attributed to minimizing the steric interactions between the olefin R groups and
both the PPh3 and Cp ligands. The tilt angle of 94.6º in 10, as compared to 64.2º in
[CpRe(NO)(PPh3)(cis-2-butene)]+, suggests that steric interactions play a more important role
than electronic factors in 10 as 
-backbonding in both the Ru and Re systems would be
maximized at an angle of 45º. The greater importance of steric repulsions in 10 may be
attributed to the smaller size of the Ru atom, as indicated by the shorter Ru-P bond [2.336(2)
Å] in comparison to the Re-P bond [2.426(1) Å], resulting in a more congested environment
around Ru leading to a greater tilt angle to relieve strain within the complex. A notable
difference between 14 and 10 is the orientation of the R groups in the olefin. In the Re
complex, the methyl groups on the butene point away from the Cp ring (Fig. 3B), whereas
the ethyl groups in 10 point toward the Cp (Fig. 3A). As described by Gladysz,17a electronic
factors in the rhenium complex primarily control the olefin orientation while steric
interactions play a secondary role. Therefore, the cis-2-butene methyl groups are directed
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away from both the Cp and PPh3 ligands in order to minimize steric congestion and allow for
an angle close to 45º to maximize backbonding. On the other hand, steric interactions are
most important in 10, which leads to the ethyl groups pointing up toward and away from the
Cp to minimize interactions with the PPh3 ligand, which has been noted in previous work as
being more sterically demanding than a Cp ring.17b The similarity of the tilt angle in
[Cp*Ru(CO)(PMeiPr2)(2-ethene)]+ (13) (99.2º) to that in 10 (94.6º) suggests that steric
factors are more important in 13 also.
[CpRu(CO)(L)(2-c3hx)]Y Complexes (2, 6, and 10). In the 1H NMR spectrum of
2, there is a modest shift upfield from 5.35 ppm to 5.21 ppm for the olefinic protons in c3hx
upon binding to the [CpRu(CO)2]+ fragment. This is consistent with chemical shifts of other
known olefin complexes of ruthenium, e.g., [CpRu(CO)2(C2H4)]+, [CpRu(CO)2(C3H6)]+, and
[CpRu(CO)2(C6H10)]+.7 In the 1H NMR spectrum of 2, only one methyl signal at 1.25 (t) ppm
is observed for the bound olefin, but there are two methylene multiplets at 2.28 ppm and 2.08
ppm; the free olefin exhibits a single multiplet at 2.05 ppm for the CH2 protons. Cooling a
sample of 2 in acetone-d6 to 35 ºC failed to broaden the olefinic proton peaks.
1H-1H COSY
experiments show that the two hydrogens on the same methylene carbon are different and are
coupled to each other. This inequivalence is consistent with the structure A (Fig. 4) in which
the C=C olefin bond is parallel to the Cp ring, but it is not consistent with a static
perpendicular orientation B in which all four methylene protons would be inequivalent. The
observation of two methylene 1H NMR signals is not only consistent with a static parallel
structure, but would also be consistent with a structure in which the olefin is rapidly rotating.
Rotation occurs in both 13, as well as in many of the [CpRe(NO)(PPh3)(2-olefin)]+
compounds, some of which must be cooled to 100 ºC in order to distinguish between
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diastereomers. On the basis of the near parallel structures of 10 and 13 in the solid state, it
seems likely that the olefin in 2 is parallel to the Cp, but unlike the structure of 10, the ethyl
groups are probably directed away from the Cp ring (A in Fig. 4), because of the absence of
the bulky PPh3 ligand that is present in 10.
Figure 4. Parallel (A) and Perpendicular (B) orientations of cis-3-hexene with respect to the
Cp ring showing the different methylene protons.
However, it is not possible to state whether structure A for 2 is static or the olefin is rotating
rapidly. This is also the situation for complexes 1, 2, 4, 5, 6, 8, 9, 10, and 12. Only for the
complexes of t3hx (3, 7, 11) is it possible to conclude that the olefin is rotating rapidly on the
NMR timescale at room temperature.
At 3.86 ppm, the olefinic protons of compound 6 are upfield as compared with those
(5.21 ppm) in 2, due to the greater electron donation by the Cp* ligand. As in 2, 6 has only
one methyl signal for the cis-3-hexene at 1.22 ppm, but there are again two methylene signals
at 2.20 ppm and 2.12 ppm that are coupled to one another. In compound 10, the chiral
ruthenium gives rise to two distinct olefin multiplets at 3.88 ppm and 3.49 ppm for the cis-3-
hexene ligand. There are again two methylene resonances at 2.12 ppm and 1.83 ppm with
the former being almost resolved into two separate multiplets. The hydrogen atoms on
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carbon 2 (Fig. 1) located closer to the CO ligand are expected to be different than those on
carbon 5, which are closer to the PPh3 ligand. The methylene hydrogens on carbons 2 and 5
will also be different from one another as observed in 2 and 6. Therefore, one expects four
separate resonances for the methylene hydrogen atoms in 10. The methylene peak at 2.12
ppm shows only a cross peak with the olefin proton at 3.88 ppm; whereas the methylene peak
at 1.83 ppm shows only a cross peak with the olefin proton at 3.49 ppm. Thus, each
methylene peak may be assigned to protons on the same carbon due to the coupling with only
one olefinic proton; the absence of a cross peak between the methylene peaks is presumably
due to the five-bond separation. Shifts of the methylene protons in 10 are determined more
by the neighboring ligands (CO or PPh3) than by the direction the methylene protons are
pointing. The 1H NMR spectrum of 10 in solution is consistent with parallel binding of the
olefin as shown in the structure determined by X-ray diffraction.
[CpRu(CO)(L)(2-18:1)]Y Complexes (1, 5, and 9). As in 2, the bound olefin
signals in 1 are observed upfield of free methyl oleate (5.32 ppm) at 5.15 ppm. Larger shifts
occur in the 13C NMR spectrum, where the olefinic carbons (C9 and C10) are shifted upfield
from approximately 130 ppm in free methyl oleate to 81.04 ppm and 80.88 ppm in the bound
form. Two discrete 13C peaks for the CO ligands appear at 195.15 ppm and 195.08 ppm,
indicating the asymmetry of the methyl oleate ligand, as well as the absence of rapid
dissociation and re-association of the olefin, that would result in the CO groups becoming
equivalent. Complex 1 is stable with respect to air and moisture in solution for several days;
as a sticky solid, the compound did not degrade noticeably over several months. The sticky
composition is likely due to the flexibility of the long hydrocarbon chain in the methyl oleate
ligand. Low-temperature (–35 ºC) 1H NMR studies of 1 in acetone-d6 did not show
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significant broadening of the olefin peak. The long pendant groups of the methyl oleate pose
a larger steric problem to rotation than the ethyl groups in cis-3-hexene, but rotational
fluxionality cannot be ruled out. To the best of our knowledge, this is the first isolated and
characterized transition metal complex of methyl oleate.
The influence of the Cp* ligand in 5 is clearly seen in the 1H NMR spectrum, where the
olefin signal (3.88 ppm) of the methyl oleate is much further upfield than in 1 (5.15 ppm).
Methylene splitting occurs as in the previously discussed compounds with resonances at 2.10
ppm and 1.95 ppm, and the two carbon signals for the inequivalent CO ligands in the 13C
NMR spectrum occur at 198.51 ppm and 198.47 ppm, which is similar to those in 1 (195.15
ppm, 195.08 ppm).
The 1H NMR spectrum of 9 shows two olefinic protons (3.80 ppm and 3.48 ppm)
further upfield than those in 1. The upfield peak at 3.48 ppm may be assigned to the olefinic
proton nearest the PPh3 ligand whose phenyl rings would be expected to shield this proton.
17b
[CpRu(CO)(L)(2-t3hx)]Y Complexes (3, 7, and 11). In the 1H NMR spectrum of
3, the methyl groups are observed as a single triplet at 1.17 ppm, but two methylene
resonances are observed at 2.23 ppm and 1.64 ppm. The 1H-1H COSY spectra show that
these signals arise from two protons on the same methylene carbon. The appearance of two
CO peaks in the 13C NMR spectrum at 197.02 ppm and 192.58 ppm is in contrast to
compound 2, which exhibits only a single CO peak at 194.85 ppm. If the t3hx were locked
into a parallel orientation (A in Fig. 4) the methylene groups would be inequivalent and
therefore appear as two signals. The appearance of only one methyl signal, combined with
the sharpness of the peaks, indicates a fast rotation of the olefin about the metal-olefin bond.
Fast rotation, in this case, would not make the two CO peaks equivalent in the 13C NMR
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spectrum. The barrier to rotation must be small as 1H NMR spectroscopic experiments
performed at 35 ºC failed to show any evidence for peak broadening.
Surprisingly, 7 is not soluble in CD2Cl2 at room temperature, whereas the other
ruthenium compounds are. In acetone-d6, the olefinic protons appear upfield at 4.48 ppm,
and the two methylene peaks appear at 2.29 ppm and 1.61 ppm. As in 3, a single 1H NMR
methyl signal for the olefin is observed at 1.17 ppm, and the inequivalent CO groups are
observed at 201.27 ppm and 196.23 ppm in the 13C NMR spectrum. These data show that the
olefin is rotating rapidly, like 3.
At room temperature, the 1H NMR spectrum of 11 does not exhibit any
distinguishable peaks for the hydrogens on the olefin bond. Broad phenyl peaks are observed
downfield at ~7.50 ppm with a singlet Cp peak appearing at 5.75 ppm. No peaks are
observed further upfield except for a large broad signal at 1.51 ppm. After cooling the NMR
tube to –25 ºC, sharp peaks for the olefinic protons are observed at 5.01 ppm and 3.26 ppm.
The chemical shifts of these proton resonances are very different than those in 10 at 3.88
ppm and 3.49 ppm. Four distinct methylene resonances are observed at 3.23 ppm, 2.38 ppm,
1.66 ppm, and 1.01 ppm and two methyl peaks appear at 1.23 ppm and 0.67 ppm.
Depending on the face through which the olefin binds to the metal, two isomers (Fig. 5) of 11
can form. The ethyl groups on the olefin could point toward the Cp and the CO as in 11a or
toward the Cp and the PPh3 as in 11b. In the X-ray structure of 10, the ethyl groups of the
cis-3-hexene both point up and away from the PPh3 ligand. In the case of 11, one of the ethyl
groups will always be directed toward the Cp.
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Figure 5. Diastereomers of 11.
The other ethyl group is then either pointing toward the PPh3 or the CO. Based on the
structure of 10, it is likely that the ethyl group would point toward the small CO ligand as in
11a. The olefin resonance in the 1H NMR spectrum of 11 at 3.26 ppm is similar to the
signals at 3.88 ppm and 3.49 ppm for the olefin protons in 10 and may therefore be assigned
to the olefin proton in 11a that is pointing away from the Cp ligand. The other olefin proton
has a chemical shift (5.01 ppm) that is similar to those in 1 (5.15 ppm) and 2 (5.21 ppm) in
which the olefin protons are likely pointing toward the Cp. Isomer 11a should give rise to
four different methylene signals as previously discussed for 10. In the 1H-1H COSY
spectrum of 11 at 25 ºC, the peaks at 3.23 ppm and 1.01 ppm are coupled to one another, as
well as to the olefin peak at 3.26 ppm. These peaks may therefore be assigned to the CH2
protons on the ethyl group that is pointing toward the Cp plane. The remaining methylene
proton signals at 2.38 ppm and 1.66 ppm, which are coupled to one another and to the olefin
peak at 5.01 ppm, may therefore be assigned to the CH2 group near the CO ligand. The
chemical shifts (2.38 ppm and 1.66 ppm) are similar to those (2.12 ppm and 1.83 ppm) of the
methylene protons of 10, providing support for structure 11a for compound 11. There is no
evidence for isomer 11b, which means that the formation of 11 is very selective for
coordination to one face of the t3hx. The high selectivity of 11 for one face of the trans-3-
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hexene is surprising as the compounds [CpRe(NO)(PPh3)(trans-2-butene)]+ (15) and
[CpRe(NO)(PPh3)(trans-3-hexene)]+ (16) both exhibit lower kinetic selectivity. At room
temperature, 15 forms an 85:15 ratio of the (RSS,SRR) and (RRR,SSS) diastereomers,
whereas compound 16 exhibits a lower selectivity ratio of 52:48. When the temperature is
increased to 85 ºC, equilibrium values of >99:1 are obtained for both 15 and 16.
Thermodynamic equilibrium values for 11 could not be obtained as the compound begins to
degrade at higher temperatures. The selective binding of ruthenium to one face of an olefin
has been reported earlier for the series of (Pybox)RuCl2(2-olefin) complexes by Nishiyama
and coworkers.18
[CpRu(CO)(L)(2-1,4ptd)]Y Complexes (4, 8, and 12). Although methyl oleate
forms isolable complexes 1, 5, and 9, attempts to prepare analogous complexes with methyl
linoleate (cis,cis-CH3(CH2)4CH=CHCH2CH=CH(CH2)7CO2Me), containing a 1,4-diene unit,
yielded mixtures of oily products that decomposed upon attempted purification. In order to
explore the possibility that the 1,4-diene unit in methyl linoleate could bind to metal centers,
complexes of 1,4-pentadiene (1,4ptd) were prepared. The complex, [CpRu(CO)2(1,4ptd)]BF4
(4), was obtained (eq. 1) by using excess olefin to ensure that only one of the double bonds of
the 1,4-pentadiene would bind to the metal, leaving the other double bond uncoordinated. In
the 1H NMR spectrum of 4, peaks for the bound olefinic group appear at 5.21 ppm, 4.05 ppm,
and 3.69 ppm with the latter two peaks appearing as doublets due to coupling (J = 8.4 and 14
Hz) with the peak at 5.21 ppm. The magnitudes of the coupling constants indicate that the
proton at 4.05 ppm is cis to the proton at 5.21 ppm while the proton at 3.69 ppm is trans to
the proton at 5.21 ppm. As in the complexes of 18:1, c3hx, and t3hx (1-3, 5-7, 9-11), the
internal methylene protons, H4 and H5, appear as two separate multiplets at 3.07 ppm and
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2.66 ppm. In the 13C NMR spectrum, two CO peaks are observed at 195.11 ppm and 194.39
ppm because there is no plane of symmetry in the complex. The unbound olefin carbons (C4
and C5) appear at 135.25 ppm and 119.38 ppm in contrast to the bound olefin carbons, which
appear much further upfield at 84.12 ppm and 51.08 ppm. Low-temperature 1H NMR
experiments at 35 ºC do not result in broadening.
The 1H NMR spectrum of 8 exhibits peaks for the bound olefinic group at 4.10 ppm,
3.57 ppm, and 3.03 ppm with the latter two appearing as doublets with coupling constants of
14 and 8.4 Hz, respectively. Unbound olefin resonances appear downfield at 5.98 ppm and
5.29 ppm and two methylene signals are observed at 3.17 ppm and 2.49 ppm. Unlike
compounds 1-7 and 9-12, 8 decomposes rapidly in solution and slowly in the solid state. The
decomposition appears to yield a discrete product with new peaks appearing at 4.38 ppm,
3.67 ppm, 3.45 ppm, and 2.85 ppm. An off-white compound with essentially the same 1H
NMR spectrum was obtained when two equivalents of Cp*Ru(CO)2Cl were reacted with one
equivalent of 1,4-pentadiene in the presence of AgPF6. Therefore, the product of the
decomposition of 8 was assigned the structure [Cp*Ru(CO)2]2(1,4ptd)2+, in which a
[Cp*Ru(CO)2]+ unit is coordinated to each double bond of the 1,4ptd ligand. It should be
noted that we previously reported the isolation and X-ray characterization of a complex
[CpPd(PMe3)]2(1,4ptd)2+ in which a [CpPd(PMe3)]+ unit was coordinated to each of the
double bonds in the 1,4ptd.9
Due to the asymmetry of the [CpRu(CO)(PPh3)]+ fragment, 12 exists as two
diastereomers 12a and 12b (Fig. 6) depending on the face of the olefin to which the metal is
coordinated. Peak assignments were made on the basis of 1H-1H COSY and 1H-13C HETCOR
experiments as well as peak integrations. The diastereomers were differentiated by the
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chemical shifts of H2, which can either be opposite the PPh3 ligand as in 12a or the CO ligand
as in 12b. The H2 peak of the major isomer occurs at 4.06 ppm whereas the peak of the
minor isomer occurs at 3.59 ppm. The more upfield peak at 3.59 ppm is assigned to H2
situated near the PPh3 ligand. Thus, the major isomer with the more downfield 4.06 ppm
value for H2 is assigned structure 12a in which the free olefin is situated near the CO ligand;
the minor diastereomer, 12b, has the free olefin opposite the PPh3.
Figure 6. Diastereomers of [CpRu(CO)(PPh3)(1,4ptd)]PF6, 12.
Isolated complex 12 contains a 12a:12b ratio of 1.00:0.65; due to the slow rate of olefin
dissociation (see below) it seems likely that the diastereomers are not in equilibrium. During
the formation of 12, 12a would likely be the preferred structure due to reduced steric
interactions between the bulky PPh3 ligand and the unbound olefinic group. Unfortunately,
the compound decomposes upon heating to 50 ºC in CD2Cl2 so that thermodynamic
equilibrium ratios could not be determined. The internal methylene in 12a at 2.70 ppm exists
as a multiplet, whereas the methylene splitting is larger in the minor isomer with peaks
appearing at 2.65 ppm and 1.94 ppm, which may be due to greater shielding of one of the
methylene protons by the PPh3 ligand. The presence of the two isomers is also evident in the
31P NMR spectrum of 12, which shows a phosphine peak for 12a at 50.36 ppm and for 12b at
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49.05 ppm. No noticeable broadening or changes in chemical shifts were observed in the 1H
NMR spectrum of a sample of 12 at 35 ºC.
Kinetic Studies of Olefin Substitution in the [CpRu(CO)2(2-olefin)]+ Complexes.
The [CpRu(CO)2(2-olefin)]+ complexes react (eq. 2) with PPh3 to give the free olefin and
the [CpRu(CO)2(PPh3)]+ complexes.
[CpRu(CO)2(olefin)]BF4 + PPh3 [CpRu(CO)2(PPh3)]BF4 + olefin (2)
Kinetic studies of this reaction at 40.0 ºC in CDCl3 solvent were performed under pseudo
first-order conditions with at least a 10-fold excess of PPh3. The compounds used in the
kinetic studies were 1, 2, 6, and 7. Unfortunately, the other complexes did not give useful
kinetic results for various reasons, including low solubility (3), decomposition (4, 8, 9-12),
and weighing problems due to oily composition (5). The k
obs values (see Table S1 in the
Supporting Information) obtained from slopes of first-order plots depend upon the PPh3
concentration in the following way: k
obs = k1 + k2[PPh3]. For complex 7, the k2 term is
negligible so that k
obs = k1. Rate constant values for each complex are listed in Table 2. The
PPh3-independent term (k1) is consistent with a mechanism in which the rate-determining step
is the dissociation of the olefin ligand. The PPh3-dependent term (k2) is consistent with an
associative mechanism involving rate-determining addition of PPh3 to the complex.
Since the k1 values describe the rate of olefin dissociation, it is expected that these
values will reflect the strength of the Ru-olefin bond or the stability of the transition state. A
comparison of k1 values for complexes 1 and 2 shows that c3hx dissociates slightly faster
than 18:1, but the difference between them is small. Thus, the long and short alkyl groups on
the cis olefinic bond do not greatly affect the rate of the olefin dissociation. In equilibrium
studies9 of the substitution of the NCR ligand in [CpPd(PR3)(NCR)]+ by olefins, it was
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observed that K values for 18:1 were only a factor of 2 less than those for c3hx. Thus, in
both the kinetic and equilibrium studies, the length of the alkyl groups on the cis olefin exerts
a relatively small influence on olefin binding to the metal.
In contrast to the very similar values for complexes 1 and 2, the rate of c3hx
dissociation from [Cp*Ru(CO)2(c3hx)]+ (6) is approximately 10 times faster than from
[CpRu(CO)2(c3hx)]+ (2). Similarly, the dissociative pathway (k1) for the substitution of the
dibenzothiophene (DBT) in [Cp*Ru(CO)2(DBT)]+ by phosphines is 29 times faster than that
for the dissociation of DBT from the Cp analog, [CpRu(CO)2(DBT)]+.19 The large difference
in rates between 2 and 6 may be attributed to larger steric repulsions between the c3hx and
Cp* ligand in 6 than the Cp ligand in 2. Alternatively, the Cp* ligand may stabilize better
the electron-deficient metal as the olefin dissociates. A comparison of k1 values for 6 and 7
shows that t3hx dissociates nearly 10 times faster than c3hx from [Cp*Ru(CO)2]+. This
difference in rates may be attributed to the much smaller steric effect of the ethyl groups
which may be directed away from the bulky Cp* ligand in 6, while an ethyl group in the t3hx
ligand is forced to interact with the Cp* in all orientations of the t3hx ligand in 7 (Fig. 1).
Equilibrium studies of the binding of cis- and trans-olefins to Ag(I), Cu(I), Rh(I), and Pt(II),
also show that cis-olefins generally coordinate more strongly than trans-olefins. 20
Observation of the same k2 values (Table 2) for compounds 1 and 2 is surprising
because a pathway involving nucleophilic attack of PPh3 on the Ru should be slower for the
larger 18:1 than for c3hx. The same rates for these reactions could mean that either the PPh3
attack is from a side of the Ru away from the olefin or the rate of this associative pathway is
dominated by breaking of the Ru-olefin bond rather than making the Ru-PPh3 bond. The
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similar k1 values for 1 and 2 suggest that the strengths of the Ru-olefin bonds in these
compounds are similar.
A comparison of k2 values for 2 and 6 shows that k2 is slightly smaller for the Cp*
complex (6). Because the k1 values indicate that the c3hx is less strongly bound in 6 than in
2, the slower rate of c3hx substitution in 6 is probably due to the bulky Cp* which reduces
the rate of PPh3 addition to 6 as compared with 2. In the case of compound 7, the k1 value is
so large that it is not possible to measure a k2 value for this compound, which indicates that
t3hx dissociates so rapidly by the k1 pathway that an associative pathway is not competitive.
Conclusions
The series of complexes [CpRu(CO)(L)(2-olefin)]+ (Cp = Cp, Cp*; L = CO, PPh3,
olefin = 18:1, c3hx, t3hx, 1,4ptd) were prepared and characterized by their IR, 1H, 13C{1H},
and 31P{1H} NMR spectra. An X-ray structural study of 10 shows that the C=C bond of the
olefin is approximately parallel to the plane of the Cp ligand. Only for [CpRu(CO)(PPh3)( 2-
t3hx)]+ (11) was it possible to show conclusively that the olefin ligand rotates slowly on the
NMR timescale (at –25 ºC). The preparation of 11 gives only one diastereomer,
demonstrating that the [CpRu(CO)(PPh3)]+ unit is highly selective for coordination to one
face of the olefin. The synthesis of [CpRu(CO)(PPh3)( 2-1,4ptd)]+ gives a 1.0:0.65 ratio of
the two possible diastereomers. Selective binding of one face of an olefin to metal
complexes is important in catalytic reactions involving stereocenters, as in olefin
polymerization catalyzed by R2TiCl2 compounds
21
, enantioselective diboration of alkenes by
L
n
M(BR2)222, and ring-closing olefin metathesis.23 Kinetic studies of olefin substitution in the
[Cp•Ru(CO)2(2-olefin)]+ complexes show that the rate of olefin dissociation is (1) very
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similar for c3hx and 18:1, (2) much faster when Cp• is Cp* rather than Cp, and (3) much
faster for t3hx than c3hx. Noteworthy is the difference between the reactions of
[CpRu(CO)2(c3hx)]+ (2) and [CpFe(CO)2( 2-H2C=CH2)]+ with PPh3. While the PPh3 simply
replaces the c3hx ligand in 2, the PPh3 adds to the ethylene in the Fe complex to give
[CpFe(CO)2(CH2CH2PPh3)]+.24 Steric and electronic differences between ethylene and c3hx
may account for this difference because [CpRu(CO)2( 2-H2C=CH2)]+ also undergoes attack at
the ethylene when reacted with NH3.
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Experimental Section
Methods and Materials. All reactions were carried out under an inert atmosphere of
dry argon using standard Schlenk techniques. Diethyl ether, methylene chloride, and
hexanes were purified on alumina using a Solv-Tek solvent purification system, similar to
that reported by Grubbs.26 The olefins methyl oleate (18:1), methyl linoleate (18:2), trans-3-
hexene (t3hx), 1,4-pentadiene (1,4ptd), and styrene were purchased from Sigma-Aldrich
Chemical Co. and used as received. Cis-3-hexene (c3hx) was purchased from TCI Chemical
Co. and used as received. All deuterated solvents were purchased from Cambridge Isotope
Laboratories. Solution infrared spectra were recorded on a Nicolet-560 spectrophotometer
using NaCl cells with a 0.1 mm path length. 1H, 13C, and 31P NMR spectra were recorded on a
Bruker DRX-400 spectrometer using the deuterated solvents as internal references.
Elemental analyses were performed on a Perkin-Elmer 2400 Series II CHNS/O analyzer.
The compounds CpRu(CO)2Cl,27 Cp*Ru(CO)2Cl,28 and CpRu(CO)(PPh3)Cl29 were all
prepared according to reported methods.
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General Procedure for Preparations of the [CpRu(CO)2( 2-olefin)]BF4 Complexes
(1-4). To a mixture of dry CH2Cl2 (20 mL) containing AgBF4 (75.6 mg, 0.388 mmol) was
added CpRu(CO)2Cl (100 mg, 0.388 mmol) and 1.2 mmol of olefin (olefin = 18:1, c3hx,
t3hx, and 1,4ptd). The solution was stirred at room temperature for 4 to 6 h until the reaction
was complete as indicated by the IR spectrum. The solution was then filtered to remove
AgCl and concentrated in vacuo to approximately 1 mL, and then 20 mL of hexanes was
added to precipitate the product. The tan solid products were isolated by filtration and
washed with hexanes (3 × 5 mL) to remove excess olefin. Isolated yields were typically 75-
85%. The products could be further purified by recrystallization from CH2Cl2/ether. The
1H
NMR and 13C NMR spectra were obtained in either CDCl3 or CD2Cl2 depending on the
compound solubility.
Characterization of Compounds 1-4. [CpRu(CO)2( 2-18:1)]BF4 (1). 1H NMR
(CDCl3, 400 MHz, 293 K): 5.89 (s, 5H, C5H5), 5.15 (m, 2H, H9,10), 3.66 (s, 3H, OMe), 2.31
(t, 3JHH = 7.2 Hz, 3H, H2), 2.19 (m, 2H, H8,11), 1.97 (m, 2H, H8,11), 1.27-1.65 (m, 22 H, H3,12),
0.90 (t, 3JHH = 6.4 Hz, 3H, H18). 13C{1H} NMR (CDCl3, 100 MHz, 293 K): 195.15, 195.08
(C•O), 174.47 (C=O), 91.21 (C5H5), 81.04 (C10), 80.88 (C9), 51.04 (OMe), 34.20 (C2), 32.00-
22.86 (C3,8,11,12), 14.31 (C18). IR (CH2Cl2): (CO) (cm–1) 2076 (s), 2032 (s); (C=O) 1731 (s).
Anal. Calcd for C26H41BF4O4Ru: C, 51.58; H, 6.83. Found: C, 51.09; H, 6.77.
[CpRu(CO)2( 2-c3hx)]BF4 (2). 1H NMR (CDCl3, 400 MHz, 293 K): 5.91 (s, 5H,
C5H5), 5.21 (m, 2H, H3,4), 2.28 (m, 2H, H2,5), 2.08 (m, 2H, H2,5), 1.25 (t, 3JHH = 7.2 Hz, 6H,
H1,6). 13C{1H} NMR (CDCl3, 100 MHz, 293 K): 194.85 (C•O), 90.98 (C5H5), 82.15 (C3,4),
24.56 (C2,5), 15.55 (C1,6). IR (CH2Cl2): (CO) (cm–1) 2077 (s), 2033 (s). Anal. Calcd for
C13H17BF4O2Ru: C, 39.71; H, 4.37. Found: C, 39.69; H, 4.46.
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[CpRu(CO)2( 2-t3hx)]BF4 (3). 1H NMR (CD2Cl2; 400 MHz; 293 K): 5.87 (s, 5H,
C5H5), 4.86 (m, 2H, H3,4), 2.23 (m, 2H, H2,5), 1.64 (m, 2H, H2,5), 1.17 (t, 3JHH = 7.6 Hz, 6H,
H1,6). 13C{1H} NMR (acetone-d6; 100 MHz; 293 K): 197.02 (C•O), 192.58 (C•O), 91.78
(C5H5), 85.15 (C3,4), 32.89 (C2,5), 18.12 (C1,6). IR (CH2Cl2): (CO) (cm–1) 2078 (s), 2035 (s).
Anal. Calcd for C13H17BF4O2Ru: C, 39.71; H, 4.37. Found: C, 40.07; H, 4.77.
[CpRu(CO)2( 2-1,4ptd)]BF4 (4). 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.89 (s, 5H,
C5H5), 5.82 (m, 1H, H4), 5.21 (m, 3H, H2,5), 4.05 (d, 3JHH = 8.4 Hz, 1H, H1), 3.69 (d, 3JHH = 14
Hz, 1H, H1), 3.07 (m, 1H, H4 or H5), 2.66 (m, 1H, H4 or H5). 13C{1H} NMR (CD2Cl2, 100
MHz, 293 K): 195.11 (C•O), 194.39 (C•O), 135.25 (C4), 119.38 (C5), 91.63 (C5H5), 84.12
(C2), 51.08 (C1), 40.60 (C3). IR (CH2Cl2): (CO) (cm–1) 2083 (s), 2040 (s). Anal. Calcd for
C12H13BF4O2Ru: C, 38.21; H, 3.48. Found: C, 37.89; H, 3.32.
General Procedure for Preparations of the [Cp*Ru(CO)2( 2-olefin)]PF6
Complexes (5-8). To a solution of dry CH2Cl2 (20 mL) containing AgPF6 (77.1 mg, 0.305
mmol) was added Cp*Ru(CO)2Cl (100 mg, 0.305 mmol) and 0.915 mmol of olefin (olefin =
18:1, c3hx, t3hx, and 1,4ptd). The solution was stirred for 4 h at room temperature until the
reaction was complete as indicated by the IR spectrum. The solution, which contained AgCl
precipitate, was then filtered and concentrated in vacuo. Because the 18:1 salt does not
precipitate when hexane is added, the product could only be partially purified by repeated
washing with hexane to remove unbound methyl oleate. The other olefin salts (6-8) were
easily precipitated by hexane, filtered, and washed with additional hexane (3 × 5 mL). The
18:1 salt (5) was obtained as a dark brown oil whereas the other salts were obtained as light
tan solids. Isolated yields were typically 55-80%. The solid products could be recrystallized
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from CH2Cl2/ether. Depending on their solubilities,
1H NMR and 13C NMR spectra of the
compounds were taken in either CDCl3, CD2Cl2, or acetone-d6.
Characterization of Compounds 5-8. [Cp*Ru(CO)2( 2-18:1)]PF6 (5). 1H NMR
(CDCl3, 400 MHz, 293 K): 3.88 (m, 2H, H9,10), 3.65 (s, 3H, OMe), 2.30 (t, 3JHH = 7.6 Hz, 2H,
H2), 2.10 (m, 2H H8,11), 1.98 (s, 15H, C5Me5), 1.95 (m, 2H, H8,11), 1.20-1.65 (m, 22H, H3,12),
0.872 (t, 3JHH = 6.8 Hz, 3H, CH3). 13C{1H} NMR (CDCl3, 100 MHz, 293 K): 198.51 (C•O),
198.47 (C•O), 174.43 (C=O), 104.39 (C5Me5), 84.14 (C10), 83.99 (C9), 51.64 (OMe), 34.14
(C2), 31.93-22.80 (C3,8,11,12), 14.25 (C18), 9.74 (C5Me5). IR (CH2Cl2): (CO) (cm–1) 2061 (s),
2016 (s); (C=O) 1732 (s).
[Cp*Ru(CO)2( 2-c3hx)]PF6 (6). 1H NMR (CD2Cl2, 400 MHz, 293 K): 3.86 (m, 2H,
H3,4), 2.20 (m, 2H, H2,5), 2.12 (m, 2H, H2,5), 2.02 (s, 15 H, C5Me5), 1.22 (t, 3JHH = 7.2 Hz, 6 H,
H1,6). 13C{1H} NMR (CD2Cl2, 100 MHz, 293 K): 198.62 (C•O), 104.63 (C5Me5), 86.02 (C3,4),
25.09 (C2,5), 15.98 (C1,6), 10.12 (C5Me5). IR (CH2Cl2): (CO) (cm–1) 2062 (s), 2018 (s). Anal.
Calcd for C18H27PF6O2Ru: C, 41.45; H, 5.23. Found: C, 41.58; H, 5.39.
[Cp*Ru(CO)2( 2-t3hx)]PF6 (7). 1H NMR (acetone-d6, 400 MHz, 293 K): 4.48 (m,
2H, H3,4), 2.29 (m, 2H, H2,5), 2.15 (s, 15H, C5Me5), 1.61 (m, 2H, H2,5), 1.17 (t, 3JHH = 7.2 Hz,
6H, H1,6). 13C NMR (acetone-d6, 400 MHz, 293 K): 201.27 (C•O), 196.23 (C•O), 105.393
(C5Me5), 88.75 (C3,4), 31.32 (C2,5), 18.51 (C1,6), 10.23 (C5Me5). IR (CH2Cl2): (CO) (cm–1)
2063 (s), 2020 (s).
[Cp*Ru(CO)2( 2-1,4ptd)]PF6 (8). 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.98 (m,
1H, H4), 5.29 (m, 2H, H5), 4.10 (m, 1H, H2), 3.57 (d, 3JHH = 14 Hz, 1H, H1), 3.17 (m, 1H, H3),
3.03 (d, 3JHH = 8.4 Hz, 1 H, H1), 2.49 (m, 1 H, H3), 2.02 (s, 15 H, C5Me5). 13C NMR (CD2Cl2,
100 MHz, 293 K): 198.21 (C•O), 197.42 (C•O), 134.80 (C4), 118.02 (C5), 104.83 (C5Me5),
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85.12 (C2), 56.38 (C1), 40.09 (C3), 9.98 (C5Me5). IR (CH2Cl2): (CO) (cm–1) 2069 (s), 2026
(s).
General Procedure for Preparations of the [CpRu(CO)(PPh3)( 2-olefin)]PF6
Complexes (9-12). To a solution of dry CH2Cl2 (20 mL) containing AgPF6 (51.4 mg, 0.203
mmol) was added CpRu(CO)(PPh3)Cl (100 mg, 0.203 mmol) and 0.610 mmol of olefin
(olefin = 18:1, c3hx, t3hx, and 1,4ptd). The solution was stirred at room temperature for 4 to
6 h until the reaction was complete according to the IR spectrum. The solution was then
filtered to remove the AgCl precipitate and concentrated in vacuo. Because the 18:1 salt
does not precipitate when hexane is added, the product could only be partially purified by
repeated washing with hexane to remove unbound methyl oleate. The other olefin salts were
easily precipitated by hexane, filtered, and washed with additional hexane (3 × 5 mL). The
18:1 salt (9) was obtained as a viscous yellow oil whereas the other salts were obtained as
light yellow solids. Isolated yields were typically 70-80%. The solid products could be
recrystallized from CH2Cl2/ether. Depending on their solubilities,
1H NMR and 13C NMR
spectra of the compounds were taken in either CDCl3, CD2Cl2, or acetone-d6.
Characterization of Compounds 9-12. [CpRu(CO)(PPh3)( 2-18:1)]PF6 (9). 1H
NMR (CDCl3, 400 MHz, 293 K): 7.65 (m, 9H, Phm,p), 7.16 (m, 6H, Pho), 5.20 (s, 5H, C5H5),
3.80 (m, 1H, H10), 3.66 (s, 3H, OMe), 3.48 (m, 1H, H9), 2.30 (t, 3JHH = 7.8 Hz, 2H, H2), 2.01
(m, 2H, H11), 1.77 (m, 2H, H8), 0.95-1.65 (m, 22H, H3,12), 0.87 (t, 3JHH = 6.4 Hz, 3H, H18).
13C{1H} NMR (CDCl3, 100 MHz, 293 K): 204.27 (d, 2JPC = 20.0 Hz, C•O), 174.45 (C=O),
132.65 (d, 2JPC = 10.2 Hz, Co), 132.11 (d, 4JPC = 2.0 Hz, Cp), 130.02 (d, 1JPC = 24.1 Hz, Ci),
129.70 (d, 3JPC = 10.6, Cm), 91.68 (C5H5), 77.11 (C10), 75.50 (C9), 51.58 (OMe), 34.14 (C2),
33.29-22.80 (C3,8,11,12), 14.27 (C18). IR (CH2Cl2): (CO) (cm–1) 2003 (s); (C=O) 1732 (s).
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[CpRu(CO)(PPh3)( 2-c3hx)]PF6 (10). 1H NMR (CD2Cl2, 400 MHz, 293 K): 7.57
(m, 9H, Ph
m,p), 7.21 (m, 6H, Pho), 5.21 (s, 5H, C5H5), 3.88 (m, 1H, H3), 3.49 (m, 1H, H4), 2.12
(m, 2H, H2), 1.83 (m, 2H, H5), 1.23 (t, 3JHH = 7.2 Hz, 3H, H1), 0.88 (t, 3JHH = 3.6 Hz, 3H, H6).
13C{1H} NMR (CD2Cl2, 100 MHz, 293 K): 204.75 (d, 2JCP=19.9 Hz, C•O), 133.04 (d,
2JCP=10.2 Hz, Co), 132.58 (d, 4JCP=2.4 Hz, Cp), 130.13 (Ci), 130.02 (Cm), 91.91 (d, 1JCP=1.4 Hz,
C5H5), 79.63 (C3), 77.43 (C4), 26.85 (C2), 26.69 (C5), 17.60 (C1), 16.67 (C6). 31P{1H} NMR
(CD2Cl2, 162 MHz, 293 K): 48.50 (s). IR (CH2Cl2): (CO) (cm–1) 2000 (s). Anal. Calcd for
C30H32F6OP2Ru: C, 52.56; H, 4.70. Found: C, 52.79; H, 4.72.
[CpRu(CO)(PPh3)( 2-t3hx)]PF6 (11). 1H NMR (acetone-d6, 400 MHz, 250 K): 7.65
(m, 9H, Ph
m,p), 7.43 (m, 6H, Pho), 5.75 (s, 5H, C5H5), 5.01 (m, 1H, H3), 3.26 (m, 1H, H4), 3.23
(m, 1H, H5), 2.38 (m, 1H, H2), 1.66 (m, 1H, H2), 1.23 (t, 3JHH = 7.2 Hz, 3H, H1), 1.01 (m, 1H,
H5), 0.67 (t, 3JHH = 7.2 Hz, 3H, H6). 13C{1H} NMR (Acetone-d6,100 MHz, 250 K): 203.96
(C•O), 133.92 (C
o
), 132.39 (Cp), 130.19 (Ci), 130.08 (Cm), 92.97 (C5H5), 74.66 (C4), 71.19
(C3), 31.19 (C5), 30.92 (C2), 19.31 (C6), 18.62 (C1). 31P{1H} NMR (acetone-d6, 162 MHz, 250
K): 49.52 (PPh3). I R (CH2Cl2): (CO) (cm–1) 2000 (s). Anal. Calcd for C30H32F6OP2Ru: C,
52.56; H, 4.70. Found: C, 52.79; H, 4.72.
[CpRu(CO)(PPh3)( 2-14ptd)]PF6 (12). Major isomer(12a): 1H NMR (CDCl3, 400
MHz, 293 K): 5.89 (m, 1H, H6), 5.36 (s, 5H, C5H5), 5.14 (m, 2H, H7,8), 4.06 (d, 3JHH = 13.6
Hz, 1H, H2), 3.74 (m, 1H, H3), 2.70 (m, 2H, H4,5), 2.60 (d, 3JHH = 8.4 Hz, 1H, H1). 13C{1H}
NMR (Acetone-d6, 100 MHz, 293 K): 205.32 (d, 2JCP = 19.0 Hz, C•O), 138.50 (C2), 134.17
(d, 3JCP = 10.3 Hz, C
o
), 133.33 (d, 1JCP = 52.6 Hz, Ci), 132.87 (d, 5JCP = 2.7 Hz, Cp), 130.34 (d,
4JCP = 2.6 Hz, Cm), 117.06 (C1), 92.06 (d, 1JCP = 1.1 Hz, C5Me5), 78.95 (C4), 49.22 (C5), 42.94
(C3). 31P{1H} NMR (CD2Cl2, 162 MHz, 293 K): 50.36 (PPh3). Minor isomer(12b): 1H NMR
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(CDCl3, 400 MHz, 293 K): 5.72 (m, 1H, H6), 5.32 (s, 5H, C5H5), 5.02 (d, 3JHH = 10.4 Hz, 1H,
H7), 4.95 (d, 3JHH = 16.8 Hz, 1H, H8), 4.69 (m, 1H, H3), 3.59 (d, 3JHH = 8.4 Hz, 1H, H2), 2.65
(m, 1H, H4), 2.58 (d, 3JHH = 8 Hz, 1H, H1), 1.94 (m, 1H, H5). 13C{1H} NMR (Acetone-d6, 100
MHz, 293 K): 204.13 (d, 2JCP = 19.7 Hz, C•O), 139.06 (C4), 133.93 (d, 3JCP = 10.5 Hz, Co),
132.80 (d, 5JCP = 2.4 Hz, Cp), 132.08 (d, 1JCP = 52.5 Hz, Ci), 130.45 (d, 4JCP = 2.3 Hz, Cm),
116.82 (C5), 92.59 (C5Me5), 70.71 (C2), 48.64 (C1), 40.90 (C3). 31P{1H} NMR (CD2Cl2, 162
MHz, 293 K): 49.05 (PPh3). IR (CH2Cl2): (CO) (cm–1) 2006 (s). Anal. Calcd for
C29H28F6OP2Ru: C, 52.02; H, 4.22. Found: C, 51.70; H, 4.26.
General Procedure for Kinetic Studies. A 0.010-mmol sample of the complex was
placed in an NMR tube with an excess, weighed amount of PPh3. The tube was evacuated,
flushed with nitrogen, and capped with a septum. A 0.70-mL aliquot of CDCl3 or CD2Cl2
was added, and the tube was placed in liquid nitrogen. The tube was then flame-sealed under
vacuum. After the solution thawed, the tube was placed in a constant temperature bath at
40.0 ± 0.1 ºC. The tube was removed from the bath periodically and the spectrum was
recorded on a Bruker DRX-400 spectrometer at room temperature using the deuterated
solvent as the internal lock and standard. The tube was then returned to the bath within a 10-
min period. The products formed during the course of the kinetic reactions were
[CpRu(CO)2(PPh3)]+,7a,30 and the free olefins which were identified by their 1H NMR spectra.
The Cp or olefin methyl peaks were integrated using XWIN-NMR software. Rate constants,
k
obs, were obtained from the slopes of first-order least-squares plots of ln
(1+[Product]/[Reactant]) vs. time.19
X-ray Structure Determination of 10. The crystal evaluations and data collections
were performed at 203K on a Bruker CCD-1000 diffractometer with MoK ( = 0.71073 Å)
42
radiation and a detector-to-crystal distance of 5.03 cm. The data were collected using the
full-sphere routine and were corrected for Lorentz and polarization effects. The absorption
correction was based on fitting a function to the empirical transmission surface, as sampled
by multiple equivalent measurements using SADABS software. The structure was solved by
direct methods and refined by using a full-matrix anisotropic approximation for non-
hydrogen atoms. All hydrogen atoms were placed in the structure factor calculations at
idealized positions and were allowed to ride on the neighboring atoms with relative isotropic
displacement coefficients.
Crystal data for 10: [C30H32O1PRu] PF6 × ½ CH2Cl2, Mr = 728.03, 0.40 × 0.25 × 0.10
mm
3
, triclinic, space group P1U , a = 9.522(2), b = 17.427(4), c = 19.654(4) Å,  = 83.043(4)°,
= 83.922(4)°,  = 78.551(3)°, V = 3161.8(11) Å3, T = 203 K, Z = 4, 
calcd = 1.529 gcm
-3
, µ
(MoK) = 0.740 mm–1, F(000) = 1476, a total of 24803 reflections were measured in a range
of 2.10°    26.37°, completeness of data = 99.0% (12791 independent reflections/748
parameters/0 restraint), R1
obs = 0.0574, wR
2
obs = 0.1529, GOF = 1.027, differential electron
density max/min: 2.018/-1.253 e Å–3 
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space group P-1 
unit cell dimensions a = 9.522(2) Å
b = 17.427(4) Å






density (calcd) 1.529 Mg/m3
abs coeff 0.740 mm–1 
F(000) 1476
no. of reflns collected 24803
man. And min. transmn 1 and 0.79
no. of data/restraints/params 12791 / 0 / 748
goodness-of-fit on F2 1.027
final Ra indices [I > 2 (I)] R1 = 0.0574, wR2 = 0.1529
Ra indices (all data) R1 = 0.0925, wR2 = 0.1741
largest diff peak and hole 2.018 and –1.253 e Å3
R1 = ||Fo| – |Fc||/|Fo| and wR2 = {[w(Fo2–Fc2)2 ]/[w(Fo2)2 ]}1/2







CpRu(CO)2(18:1)+ (1) 1.28 6.08
CpRu(CO)2(c3hx)+ (2) 1.96 6.08
Cp*Ru(CO)2(c3hx)+ (6) 21.8 3.04
Cp*Ru(CO)2(t3hx)+ (7) 208 0.0
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CHAPTER 3: DISPLACEMENT OF A CIS-OLEFIN FROM A           
TRANS-OLEFIN COMPLEX CpRu(CO)2(trans-olefin)+
A paper to be submitted to Organometallics*
Kevin M. McWilliams and Robert J. Angelici
Abstract
Ruthenium(II)-olefin complexes CpRu(CO)2(2-trans-olefin)+ (Cp = C5H5; olefin =
trans-3-hexene, trans-2-pentene, trans-3-octene, trans-4-octene, trans-5-decene) have been
synthesized and characterized by IR, 1H NMR and 13C NMR spectroscopy. The reaction of
these complexes with a wide range of ligands (L) results in the formation of CpRu(CO)2(L)+
and the release of both free cis- and trans-olefins.
The relative amounts of cis- and trans-olefin released are controlled by several factors:
identity and amount of the incoming ligand, identity of the olefin, temperature, and solvent.
The reaction of CpRu(CO)2(trans-3-hexene)+ (1) with 4-methoxypyridine at 25ºC gives the
highest cis/trans ratio of 83/17. Substituted pyridines are effective for the production of cis-
olefin with electron-donating groups in the para-position increasing the amount of cis-olefin
released when reacted with 1: H- (67/33) < CH3- (74/26) < CH3O- (76/24) at 50ºC.
Conversely, electron-withdrawing groups reduce the amount of cis-olefin released as the
reaction of 1 with 4-trifluoropyridine at 50ºC gives a very low ratio of 18/82. Increases in
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both the temperature and solvent polarity reduce the amount of cis-olefin released during the
reaction. Increases in the olefin side-chain length also serve to reduce the amount of cis-
olefin released; notably 1 reacts with PPh3 at 50ºC to give a cis/trans ratio of 29/71, whereas
CpRu(CO)2(trans-5-decene)+ reacts with PPh3 to release solely trans-olefin. A mechanism is
proposed to account for the varied reactivity.
Introduction
In a recent paper,1 we reported a kinetic and mechanistic investigation of the
substitution of a cis- or trans-3-hexene ligand in CpRu(CO)2(2-3hx)+ by PPh3 (eq 1). At
40.0 °C in CDCl3 solution, the reaction of CpRu(CO)2(2-c3hx)+ follows a rate law that is
dominated by a term (with k1 = 1.96 × 10–6 s–1) that is independent of the PPh3 concentration.
Cp'Ru(CO)2(2-3hx)+ + PPh3 Cp'Ru(CO)2(PPh3)+ + 3hx (1)
Cp = 5-C5H5 (Cp) or 5-C5Me5 (Cp*) and 3hx = cis- or trans-3-hexene (c3hx or t3hx)
This first-order term was interpreted to suggest a rate-determining dissociation of the cis-3-
hexene followed by a rapid reaction of the unsaturated CpRu(CO)2+ intermediate with PPh3.
The analogous Cp*Ru(CO)2(2-c3hx)+ complex also reacts predominately by a dissociative
mechanism, but the rate (k1 = 21.8 × 10–6 s–1) is 11 times faster than for the CpRu(CO)2(2-
c3hx)+ complex, which suggests that the large size of the Cp* ligand, as compared with Cp,
accelerates the dissociation of the c3hx ligand. The reaction of the trans-3-hexene complex
Cp*Ru(CO)2(2-t3hx)+ with PPh3 follows only a dissociative path, and the rate (k1 = 208 × 10-
6
s
–1) is 9.5 times faster than that of the analogous cis-3-hexene complex Cp*Ru(CO)2(2-
c3hx)+. The much faster rate of t3hx dissociation, as compared with c3hx, was attributed to
repulsions between the Cp* ligand and an ethyl group in the trans-3-hexene ligand, which
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must have an ethyl group directed toward the Cp* ligand in all orientations of the coordinated
t3hx; in contrast, both ethyl groups of the c3hx ligand in Cp*Ru(CO)2(2-c3hx)+ may be
directed away from the Cp*.
In all of the above reactions, the liberated olefin retains the same geometric structure
that was present in the reacting CpRu(CO)2(2-3hx)+ complex. In contrast to these reported
results, we observed that the trans-3-hexene ligand in CpRu(CO)2(2-t3hx)+ is substituted by
PPh3 and other ligands to give CpRu(CO)2(PPh3)+, but the liberated olefin was a mixture of
c3hx and t3hx (eq 2).
CpRu(CO)2(2-t3hx)+ + PPh3 CpRu(CO)2(PPh3)+ + c3hx and t3hx (2)
The liberation of c3hx is surprising for at least two reasons: (1) common mechanisms for
olefin substitution do not explain the observed olefin isomerization, (2) the formation of c3hx
from t3hx is a process that is thermodynamically unfavorable. Thermodynamic data for
several cisYtrans isomerizations (Scheme 1) illustrate quantitatively the greater stability of
trans-olefins.
In this paper, we describe investigations of reactions of CpRu(CO)2(2-trans-olefin)+
complexes with PPh3 and a variety of other ligands (L) to give the CpRu(CO)2(L)+ complex5
and the liberated cis- and/or trans-olefin. A mechanism is proposed to account for the
isomerization of the coordinated trans-olefin to its cis isomer during the substitution process.
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Scheme 1. Equilibrium data for four different olefins.
Results 
 
Synthesis and Structural Characterization of the [CpRu(CO)2(trans-olefin)]+BF4-
Complexes. These complexes were all prepared in 75-85% yields by the abstraction of Cl-
from CpRu(CO)2Cl in the presence of the desired olefin (eq. 3). The general structures of the
synthesized compounds are shown in Figure 1.
Compounds 1, 3-5 were isolated as light tan solids whereas compound 2 was isolated as a
dark brown solid. All of the compounds are stable toward air and moisture in the solid state
for at least 8 weeks and are also stable in solution for several days when exposed to air.
Compounds 1-5 all have 	(CO) bands in their IR spectra at 2078 cm1 and 2035 cm1. These
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values are approximately 27 cm1 higher than those in the starting complex, CpRu(CO)2Cl








































Figure 1. Structures of compounds 1-5. Carbon and hydrogen labels correspond to NMR
assignments given in the Experimental Section.
In the room temperature 1H NMR spectrum of 1, there is a marked shift upfield from
5.46 ppm to 4.86 ppm for the olefinic protons upon coordination to the metal, which is also
observed for all of the other complexes (2-5) and CpRu(CO)2(2-olefin)+ complexes also
reported in the literature.5,6 Two multiplets at 2.23 ppm and 1.64 ppm in the 1H NMR
spectrum of 1 are assigned to the methylene protons and a single triplet peak at 1.17 ppm is
assigned to the methyl protons. 1H-1H COSY experiments showed that the two methylene
peaks are coupled to each other indicating that the two methylene protons on the same carbon
are different from one another. The presence of two methylene peaks also shows that the
olefin remains bound to the metal in solution as rapid dissociation and re-association would
make the CH2 protons equivalent. The presence of only one methyl signal in the room-
temperature spectrum indicates that the olefin is rotating rapidly about the metal-olefin bond
as a non-fluxional trans-olefin would exhibit two methyl signals due to the inequivalence of
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the two ethyl groups (Figure 2). An 1H NMR spectrum recorded at -35ºC showed that the






Figure 2. View down the Ru-olefin bond showing the inequivalency of the trans ethyl
groups.
In the 13C NMR spectrum of 1, two peaks for the CO ligands are observed at 197.02
ppm and 192.58 ppm which is consistent with the asymmetry imposed by the trans-olefin.
The resonance for the olefinic carbons 3 and 4 is observed at 85.15 ppm, which is
significantly upfield shift from that of the free olefin (131.30 ppm). Peaks for the methylene
and methyl carbon atoms appear at 32.89 ppm and 18.12 ppm, respectively.
In 2, the two methylene peaks appear as multiplets at 2.15 ppm and 1.64 ppm and are
coupled to each other. A doublet at 1.93 ppm may be assigned to the methyl group attached
directly to the olefin carbon (C2) while the other methyl signal appears as a triplet at 1.17
ppm. In the 13C NMR spectrum, the two CO resonances are observed at 197.11 ppm and
192.58 ppm, and the olefinic carbon peaks appear upfield at 86.89 (C3) and 79.94 (C2). Due
to the asymmetry of the trans-2-pentene ligand in 2, the NMR results do not indicate whether
or not the olefin is rotating rapidly. However, considering that the olefins in compounds 1, 4,
and 5 were all found to be rotating at room temperature, it seems likely that this is also the
case for 2.
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The 1H NMR spectrum of 3 shows a multiplet for the olefinic protons at 4.88 ppm and
three multiplets at 2.25 ppm, 1.69 ppm, and 1.56 ppm for methylene protons. As in the 13C
NMR spectrum of 2, 3 exhibits two peaks for the CO ligands (197.06 ppm, 192.55 ppm) and
two peaks for the olefinic carbons (85.91 (C3), 83.96 (C4)). The 1H and 13C NMR spectra of 4
and 5 have features similar to those of the other complexes, which indicate rapid rotation of
the olefin at room temperature on the NMR timescale.
Displacement of the Olefin in the [CpRu(CO)2(trans-olefin)]+BF4 Complexes.
Although the reaction of Cp*Ru(CO)2(t3hx)+ with PPh3 gave Cp*Ru(CO)2(PPh3)+ and free
t3hx,1 the same reaction of CpRu(CO)2(t3hx)+ gave CpRu(CO)2(PPh3)+ and both cis- and
trans-3-hexene. It was the surprising formation of cis-3-hexene that led to the present study
of reactions (eq. 4) of CpRu(CO)2(trans-olefin)+ complexes with a variety of
[CpRu(CO)2(trans-olefin)]BF4 + L
[CpRu(CO)2(L)]BF4 + cis- and trans-olefin
(3)
ligands (L). It was evident that the coordinated t3hx was isomerizing partially to c3hx during
the substitution reaction. In order to determine whether free t3hx isomerizes on its own to
c3hx under the conditions of the reaction, a NMR tube containing free t3hx dissolved in
CD2Cl2 was flame-sealed and placed in a calibrated temperature bath at 50 °C. After 7 days,
the 1H NMR spectrum showed no indication of c3hx formation, eliminating thermal
isomerization as a pathway for the formation of c3hx. To examine the possibility that the
reacting ligand catalyzes the isomerization, 50-fold excesses of PPh3 and 4-picoline were
added to NMR tubes containing t3hx in CD2Cl2. The tubes were flame-sealed under inert gas
and placed in a 50 °C water bath. As no c3hx was observed in either tube after at least a
week, the PPh3 and 4-picoline ligands did not catalyze the isomerization. To test for the
55
possibility that the isomerization occurs in the complex or is catalyzed by a product of metal
complex decomposition, a NMR tube loaded with CpRu(CO)2(t3hx)+ (1) dissolved in CD2Cl2
and flame-sealed under inert gas was placed in a 50 °C water bath and monitored periodically
by 1H NMR spectroscopy for the formation of c3hx. After one week, 1 was still present in
solution with no evidence for the formation of c3hx or release of free t3hx and also
establishing the stability of the olefin complex. These experiments show that the formation
of free c3hx from coordinated t3hx must occur during the substitution reaction (eq. 4).
In Tables 1 and 2 are shown percent ratios of cis- and trans-3-hexene that are formed
in reactions (eq. 4) of CpRu(CO)2(t3hx)+ (1) with various ligands at 25 °C and 50 °C,
respectively, in CD2Cl2 using large excesses of the ligand (L). Due to the long reaction times
at 25ºC and the high temperature of the 50ºC experiments, considerable decomposition is
seen in the 1H NMR spectra of many of the reactions. This decomposition is attributed to
both breakdown of the ligand in the deuterated solvent and the formation of several Ru
products as evidenced by the presence of multiple Cp peaks. Approximate amounts of
decomposition for each reaction are noted in Tables 1 and 2. The reactions were run long
enough (Tables 1 and 2) such that all of the CpRu(CO)2(t3hx)+ (1) had reacted except where
the reaction time was excessively long as in entries 10-13 in Table 1. In an experiment
wherein 1 was reacted with a 50-fold excess of PPh3 at 50ºC and the cis/trans ratio was
determined after 12, 24, or 48 h, it was found that the cis/trans ratio is the same after the
reaction is approximately 25%, 50%, and 100% complete, respectively.
It is notable that the reaction times at 50 °C (Table 2) are much shorter than those at
25 °C (Table 1) by several hundred hours for the same ligand, and the cis/trans ratio for
every ligand is lower at 50 °C than at 25 °C. The cis/trans ratios for the reactions of PPh3
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and pyridine, were determined at several temperatures between 25 °C and 50 °C in order to
document in greater detail the decreasing cis/trans ratio as the temperature is increased
(Table 3). In principle, an even lower temperature would give still higher cis/trans ratios but
the reactions would be even slower than the 50 days already required at 25 °C for the
reaction of PPh3.
Kinetic studies of the reactions of 1 with PPh2Me and 4-picoline using ligand/1 ratios
from 30 up to 70 were conducted at 50 °C in CD2Cl2 under pseudo-first-order conditions.
The rates of reactions of both ligands did not depend on the concentration of L, giving
similar rate constants at all concentrations which averaged 3.1 × 105 s-1 for PPh2Me and 2.2 ×
105 s-1 for 4-picoline (see Supporting Information). While the rates do not depend on the
ligand concentration, the rate constant for PPh2Me is slightly higher than that for 4-picoline,
which suggests some type of association between the complex and L. Inspection of Table 2
shows that many of the other ligands, such as 4-methoxypyridine, 2-picoline, and PPh3 react
at about the same rate as indicated by their 48 h completion time. On the other hand many of
the ligands, such as quinaldine, take longer than 48 h to react fully with 1. These ligands are
generally more bulky than those that react within 48 h.
For the P-donor ligands, PPh3 reacts with 1 to give the free olefin with a cis/trans
ratio of 44/56; PPh2Me gives the same ratio (43/57), but PCy3 gives a much smaller ratio
(13/87) (Table 1). The smaller and more basic phosphines, PPhMe2 and PMe3, attack the
olefin, initially forming an 1-complex, CpRu(CO)2[CH(Et)CH(Et)PR3]+, as established by 1H
NMR studies which exhibit two upfield multiplets for the formerly olefinic protons (4.86
ppm) at 3.02 ppm and 2.78 ppm for PR3 = PPhMe2 and at 2.98 ppm and 2.49 ppm for PR3 =
PMe3. These values are similar to those of CpFe(CO)2[CH2CH2PPh3]+, which exhibits two
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upfield multiplets at 3.34 ppm and 1.42 ppm.7 In CpRu(CO)2[CH(Et)CH(Et)PPhMe2]+
overlapping triplets at 0.92 ppm and 0.91 ppm indicate the inequivalence of the two ethyl
groups of the olefin after phosphine attack has occurred. These 1-complexes of both
PPhMe2 and PMe3 give only free trans-3-hexene and CpRu(CO)2(PR3)+ within 144 hours.
The phosphites react with 1 to yield only free trans-3-hexene. Among the P-donor ligands
(entries 1-8 in Table 1), those that give the highest cis/trans ratios are moderately basic
(PPh3, PPh2Me). Those that are less basic (P(OR)3) or more basic (PPhMe2, PMe3) give much
lower cis/trans ratios.
Pyridine gives a much higher cis/trans ratio (78/22 at 25 °C and 67/33 at 50 °C) than
any of the P-donor ligands. For the reactions of 1 with substituted pyridines at 50 °C, the
ortho-substituted pyridines, 2-bromopyridine (3/97), 2-benzoylpyridine (14/86), 2-
methoxypyridine (20/80), and 2-picoline (58/42), all give lower cis/trans ratios than pyridine
(67/33). The meta-substituted pyridine, 3-bromopyridine (22/78), yields a ratio higher than
that of 2-bromopyridine but still much lower than pyridine. The highest ratios are obtained
with pyridines, 4-picoline (74/26) and 4-methoxypyridine (76/24), that have electron-
donating para-substituents, while 4-CF3pyridine gives a low ratio (18/82). Based on the data
from the para-substituted pyridine reactions, it is obvious that substituents that increase the
basicity of the nitrogen, such as the methyl group in 4-picoline (pK
a
= 5.98) and the methoxy
group in 4-methoxypyridine (pK
a
= 6.62), increase the cis/trans ratio as compared with
pyridine (pK
a
= 5.23). Conversely, the electron-withdrawing CF3 group in 4-CF3pyridine
reduces the basicity of the nitrogen resulting in a lower yield of the cis-olefin. These
electronic effects also appear to influence the cis/trans ratios obtained from reactions of the
ortho-substituted pyridines where the electron-withdrawing Br group gives the lowest ratio
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(3/97), and the electron-donating and relatively small CH3 group gives the largest ratio
(58/42).
Considering the effectiveness of pyridines at achieving high cis/trans 3-hexene ratios,
other nitrogen-containing ligands were tested at 50 °C. Such ligands with high pK
a
values
(piperidine, 11.3; p-dimethylaminopyridine, 9.2) or low pK
a
values (pyrazole, 2.48) did not
yield any of the cis-olefin during the course of the reactions but instead gave multiple Cp
peaks in the 1H NMR spectra as well as copious amounts of decomposition in the case of
both piperidine and p-dimethylaminopyridine. Heterocyclic ligands with moderate pK
a
values gave a wide range of cis/trans ratios: N-methylmorpholine (55/45), quinoline (44/56),
imidazole (68/32), quinaldine (32/68), and indoline (30/70). The polycyclic ring structures
of quinoline, quinaldine, and indoline increase the steric bulk around the nitrogen donor atom
which is perhaps the basis of the lower cis/trans ratios than those for the smaller
heterocycles. The 2,2-bipyridyl (25/75) and 4,4-dimethyl-2,2-bipyridyl (32/68) ligands
with aryl groups in the ortho position of the pyridine give lower ratios than pyridine (67/33).
The slightly higher ratio for 4,4-dimethyl-2,2-dipyridyl is probably due to the electron-
donating methyl groups at the 4 and 4 positions. The two imines, benzophenone imine and
2,2,4,4-tetramethyl-3-pentanone imine, react with 1 to give cis/trans ratios of 48/52 and
15/85, respectively. The much lower ratio for 2,2,4,4-tetramethyl-3-pentanone imine may
be attributed to the steric bulk of this ligand.
The chloride anion in (BzNEt3)Cl reacts with 1 to give a 32/68 cis/trans ratio as well
as generating CpRu(CO)2Cl. The bromide anion in (BzNEt3)Br, on the other hand, reacts
with 1 to give solely trans-3-hexene and CpRu(CO)2Br. Two ligands containing sulfur donor
atoms, thiophene and diethyl sulfide, were reacted with 1 at 25 °C. After a period of 336 h
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no free olefin was observed in the 1H NMR spectrum, and 1 was still unreacted indicating
that both thiophene and diethyl sulfide are too weak to even displace the olefin from the
metal.
In order to determine whether or not other trans-olefins in CpRu(CO)2(2-trans-
olefin)+ can be isomerized to the cis olefin upon displacement by various ligands, complexes
of 2-pentene (2), trans-3-octene (3), trans-4-octene (4), and trans-5-decene (5) were reacted
with selected phosphine and pyridine ligands (Table 4). Compounds 2 and 3 react with PPh3
to give cis/trans ratios of 17/83 and 26/74, respectively, which are slightly lower than that
obtained for 1 (31/69). Similarly, 2 and 3 react with 4-methoxypyridine to give ratios (75/25
and 71/29, respectively), which again are slightly lower than for 1 (76/24). On the other
hand, the reactions of 4 and 5 with PPh3 give only the trans olefin. However, 4 and 5 do
react with 4-picoline to give both cis and trans olefins as evidenced by two peaks in the 1H
NMR spectrum at 5.48 ppm and 5.44 ppm for 4 and 5.47 ppm and 5.43 ppm for 5, but exact
cis/trans ratios could not be determined due to overlapping peaks. The larger size of the n-
propyl and n-butyl groups in trans-4-octene and trans-4-decene in 4 and 5 are presumably
responsible for the poor trans-to-cis conversion, especially when reacted with a bulky ligand
such as PPh3. For complexes 2 and 3, at least one of the alkyl groups is a relatively small
methyl or ethyl. It is interesting that the trans-3-octene, with ethyl and n-butyl groups, in 3
reacts with PPh3 to give some of the cis olefin while the trans-4-octene, with two n-propyl
groups, in 4 does not give any cis-olefin. In the reactions of 4-picoline with 4 and 5, the
trans-to-cis conversion occurs despite the bulkiness of the olefins. This may be due to the
smaller size of 4-picoline as compared with PPh3.
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The cis/trans olefin product ratios from reactions (eq. 4) of CpRu(CO)2(t3hx)+ with
PPh3 and 4-picoline are highly dependent on the nature of the solvent (Table 5). Reactions in
relatively low polarity and poorly coordinating solvents (CD2Cl2 and CDCl3) give the highest
cis/trans ratios (entries 63, 64, 67, 68). In polar, coordinating solvents (DMSO-d6, acetone-
d6, and methanol-d6), the cis/trans ratios are considerably lower. DMSO is sufficiently
strongly coordinating that it displaces the olefin when 1 is dissolved in DMSO. This reaction
gives a 15/85 cis/trans ratio of 3-hexenes, the same ratio that was observed in the presence of
PPh3 (entry 65).
Discussion
For the purpose of considering possible mechanisms for reactions (eq. 4) of
CpRu(CO)2(trans-olefin)+ with various ligands, it is useful to consider previously-reported
reactions of CpFe(CO)2(2-olefin)+ (olefin = ethylene, propene, styrene, trans-2-butene) with
various ligands such as alkoxides, amines, mercaptans, phosphines, and phosphites.7 The
reaction of CpFe(CO)2(2-ethylene)+ with PPh3 gives the 1 product
CpFe(CO)2(CH2CH2PPh3)+ resulting from PPh3 attack on the ethylene. For the analogous
propene and styrene complexes, formation of the 1 PPh3 adduct competes with displacement
of the olefin to give CpFe(CO)2(PPh3)+ (6) which becomes the sole product upon warming to
65 ºC as the PPh3 adducts are not stable at high temperatures. More specific to our studies is
the reaction of the trans-2-butene complex with PPh3 which gives only 6 and free olefin
which was not identified as cis or trans. In this reaction, there was no 1H NMR evidence for
the formation of the 1-adduct, CpFe(CO)2[CH(Me)CH(Me)PPh3]+.
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In reactions of CpRu(CO)2(2-t3hx)+ (1) with phosphine ligands, formation of the PR3
adduct, CpRu(CO)2[CH(Et)CH(Et)PR3]+, is observed in the 1H NMR spectrum within five
minutes of adding PMe3 or PPhMe2. As in the Fe series, the adducts are not stable and
transform in CH2Cl2 over the course of 144 h at 25°C to CpRu(CO)2(PR3)+ (7) and free t3hx.
In an attempt to isolate an 1-adduct, 1 was reacted with benzenethiol in the presence of
K2CO3 at 0°C in CH3CN, as thiols had been shown to give only 
1
adducts when t-butyl
mercaptan was reacted with either CpFe(2-CH2CH2)+ or CpFe(2-CH2CHMe)+. A reaction
occurred at 0ºC within 2 h to give a product with 	(CO) bands in the IR spectrum at 2009
cm
1
and 1946 cm1 in CH3CN. The
1H NMR spectrum obtained in CD2Cl2 showed two
upfield multiplets at 3.45 ppm and 3.12 ppm for the former olefinic protons and two triplets
for the methyl groups at 1.03 ppm and 0.91 ppm. These values support the formulation of
the compound as CpRu(CO)2[CH(Et)CH(Et)SPh]+ (8), the only product. A similar Fe
complex, CpFe(CO)2[CH2CH2SBut]+ exhibits 	(CO) bands at 2012 cm1 and 1949 cm1 in
CH3CN solvent and multiplets for the CH2 groups at 2.55 ppm and 1.48 ppm in C6D6 in the
1H
NMR spectrum.7 The previously-reported amine adduct, CpRu(CO)2(CH2CH2NH3)+, exhibits
	(CO) bands at 2012 cm1 and 1950 cm1, and the 1H NMR spectrum shows two multiplets at
3.43 ppm and 1.70 ppm for the methylene groups.8 Although attempts to isolate and purify 8
were unsuccessful, the IR and 1H NMR spectral data are consistent with a structure in which
PhS- has added to the t3hx ligand. This result together with evidence for the formation of 1
adducts in reactions of 1 with PMe3 and PPhMe2 suggests a possible pathway for reaction (4)
that involve the addition of ligand L to the coordinated olefin in CpRu(CO)2(t3hx)+.
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In reactions of nucleophiles with metal complexes containing 2-olefins,9 the rate law
generally includes first order dependences on the complex and the nucleophile
concentrations, which suggests a mechanism involving nucleophilic attack on the 2-olefin.
However, in the reactions (eq. 4) of CpRu(CO)2(t3hx)+, the rates do not depend on the
concentration of the ligand L (PPh2Me or 4-picoline), which suggests a mechanism that is not
simple nucleophilic attack of L on the olefin. Also, the similar rate constants for the
reactions of 1 with PPh3 (3.1 x 10-5 s-1) and 4-picoline (2.2 x 10-5 s-1) suggests that the
incoming ligand does not greatly affect the rate of the reaction. On the other hand, the
mechanism must account for the fact that the cis/trans 3-hexene product ratios in the
reactions are different for PPh3 and 4-picoline. It must also account for the observation that
the double bond does not migrate along the carbon chain of the olefin during the trans-to-cis
isomerization process. We propose the mechanism shown in Scheme 2 for these reactions.
This mechanism involves two olefin substitution pathways, both are first order in the
complex and independent of the ligand L concentration. The k1 pathway is a simple
dissociation of the trans-olefin followed by rapid addition of L to the unsaturated Ru
intermediate. This pathway gives only the trans-olefin product. The k2 pathway begins with
a rate-determining slippage of the 2-olefin to give a dipolar 1-olefin intermediate C, which
can either return to A or undergo attack by L on the side of the olefin opposite the Ru to give
olefin adduct D. Rotation around the C–C bond in D places the L group near the metal
where it can transfer to the Ru and release the cis-olefin. Rotation around the C-C bond
converts D to E and also moves the trans R groups to a cis arrangement, thereby setting up
the release of the cis-olefin in the final step (E  F). In this mechanism, the relative rates of
the k3 and k-2 steps control the cis/trans olefin product ratio. In the following paragraphs is a
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more detailed discussion of the mechanism and the experimental observations that pertain to
this mechanism.
The mechanism in Scheme 2 predicts that the cis/trans ratio will remain the same
throughout the course of the reaction when using a large excess of the ligand L. This result
was observed in the reaction of 1 with a 50-fold excess of PPh3 when the cis/trans was
determined to be the same after 12, 24, and 48 h. At all three times, the cis/trans ratio was
29/71, which is identical to that in entry 18 (Table 2). In other experiments, 1 was reacted
with PPh3 and 4-picoline in CD2Cl2 at 50°C using 10, 50, and 100-fold excesses in order to
establish the effect of ligand concentration on the cis/trans ratio (entries 17-22). For both
PPh3 and 4-picoline, the cis/trans ratio increases as the ligand concentration increases from
10-fold to 50-fold excess, but the cis/trans ratio remains relatively unchanged as the amount
of ligand is increased further to 100-fold excess. This means, in the context of the proposed
mechanism, that the dissociative pathway predominates at a 10-fold excess as the low
concentration of L results in a relatively slow rate for the conversion of C to D. At higher
concentrations (50 and 100-fold), this step is fast, as compared with k
–2, which means that the
cis/trans ratios are controlled by the rates of the k1 and k2 steps, which are both independent
of the concentration of L. Thus, the dependence of the cis/trans ratios on the concentration
of L can be reasonably explained by the proposed mechanism.
Not only is the cis/trans ratio dependent on the concentration of the ligand, but the
specific identity of the ligand is also important. Based on the data in Table 2, high cis/trans
ratios are favored by ligands whose conjugate acids have pK
a
values between 2 and 6.
Ligands with pK
a
values outside of this range either give very low amounts of the cis-olefin
or none at all. Highly basic amines (methylamine, dimethylamine, dibenzylamine) gave only
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decomposition of the metal complex accompanied by release of the trans-olefin. This is in
stark contrast to CpFe(CO)2(2-CH2CH2)+ which reacts with both methylamine and
dimethylamine to give the corresponding 1 amine adducts CpFe(CO)2(CH2CH2NHR2)+.7
These reactions were conducted at –10°C or below, which suggests that decomposition may
occur at higher temperatures. This would be consistent with our temperature studies (Table
3) which showed a decrease in the cis/trans ratio as the temperature is increased. In contrast
to the decomposition of 1 observed with strongly basic ligands, weakly basic ligands such as
ethyl sulfide and thiophene do not react at all with 1.
Among the ligands that give significant amounts of the cis-olefin product, both
electronic and steric properties of the ligand influence the cis/trans ratio. For reactions of 1
with the series of para-substituted pyridines, the cis/trans ratio decreases, using a 50-fold
excess of ligand, as the substituent becomes less electron-donating: MeO (76/24) > Me
(74/26) > H (67/33) > CF3 (18/82). This is the expected trend from the proposed mechanism
where the k3 step would be faster for the more nucleophilic pyridines, which would lead to
higher yields of the cis-olefin.
Pyridines with ortho substituents uniformly give lower cis/trans 3-hexene ratios than
para or meta-substituted pyridines (Tables 1 and 2). The steric effect of an ortho substituent
would be expected to reduce the rate of attack in the k3 step of the proposed mechanism,
which would result in a lower cis/trans ratio.
The size of the R groups in the trans-olefin (RHC=CHR) ligand also plays a major
role in determining the amount of cis-olefin that is produced in the reaction of 1 with PPh3
(Table 4). Those olefins (trans-3-hexene, trans-2-pentene, and trans-3-octene) with at least
one ethyl or methyl R group give similar cis/trans ratios, whereas olefins (trans-4-octene and
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trans-4-decene) with larger R groups (n-propyl or n-butyl) yield none of the cis olefins. Such
an effect of large R groups is not surprising because they would decrease the rate of ligand
addition to C in the k3 step, especially with bulky ligands such as PPh3. However, if the
ligand is the less bulky 4-picoline, both compounds 4 and 5 react to yield some of the cis-
olefin (Entries 61-62). An exact cis/trans ratio could not be obtained due to overlap of the
cis- and trans-olefin peaks, but the ratio is estimated to be about 50/50 based on inspection.
Therefore, even internal olefins with large R groups can yield cis-olefin if the correct
incoming ligand is chosen.
Although PPh3 and PCy3 react with 1 at rates that are similar to pyridine, PMe3 and
PPhMe2 react much more rapidly (within 5 min) to give the 1 complexes
CpRu(CO)2[CH(Et)CH(Et)PR3]+, which were identified by their 1H NMR spectra. The much
greater rate of these reactions means that they must proceed by a mechanism that is different
than either the k1 or k2 pathways in Scheme 2. These highly basic and sterically small ligands
are likely to react by direct nucleophilic attack on the coordinated olefin to give the 1
complex. The CpRu(CO)2[CH(Et)CH(Et)PR3]+ complexes convert at 25°C over a period of
about 144 h to CpRu(CO)2(PR3)+ and the free trans olefin. Although it is not clear how these
1 intermediate complexes yield the trans-olefin they cannot follow the E  F pathway,
which would be expected to give the cis-olefin.
Conclusions
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Reactions (eq. 4) of the 2-trans-olefin complexes CpRu(CO)2(2-trans-olefin)+ with
pyridine and phosphine ligands (L) to give CpRu(CO)2(L)+ and free cis and trans olefins is
surprising because as much as 83% of the trans olefin isomerizes to the thermodynamically
less stable cis isomer during the substitution process. The driving force for this trans-to-cis
isomerization must be the greater stability of the CpRu(CO)2(L)+ product as compared with
the CpRu(CO)2(2-trans-olefin)+ reactant. This isomerization is also not accompanied by
migration of the double bond along the hydrocarbon chain. In other metal complexes where
cis/trans isomerization and double bond migration are observed (often catalytic reactions),10 a
mechanism involving a metal hydride intermediate is proposed (and sometimes detected). In
eq. 4, H2 or other sources of hydrogen are not present, and it seems unlikely that the
CpRu(CO)2(2-trans-olefin)+ complexes themselves would form an allyl-hydride
intermediate CpRu(CO)(H)(3-allyl)+ by C–H cleavage because it requires the loss of a CO
ligand. Such an intermediate would also be expected to give olefin products in which the
double bond has migrated.
For the above reasons, it appears that the formation of cis olefins in eq. 4 occurs by a
new mechanism (Scheme 2). A key step (k2) in the proposed pathway to the cis olefin
product involves rate-determining slippage of the 2-bonded olefin in A to an 1-dipolar
complex (C). Such a slippage was previously proposed by Roald Hoffman to account for the
increased activity toward nucleophiles associated with coordinated olefins.11
Free olefins do not readily react with nucleophiles, but tend to be far more reactive if
coordinated to a metal center.12 The source of activation is not inherently evident as the -
donation from the olefin to the metal center, which would enhance activation, is counter-
balanced by back donation of the metal d-orbitals to the olefin. The needed activation,
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proposed by Hoffman and supported by computational analysis, stems from the slipping of
the olefin away from a symmetrical bonding mode (defined as a distance Z), which has no
precedence in the free olefin (Scheme 3). As Z increases the 2-coordination of the olefin
begins to resemble an 1 -complex with the carbon furthest from the metal building up a
positive charge resulting in activation toward incoming nucleophiles.
Scheme 2. Mechanism for the reaction in Equation 4.
Computational analysis performed on the CpFe(CO)2+ fragment13, which is analogous to our
system, showed that this fragment should strongly activate olefins toward nucleophilic
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attack and this conjecture is supported in the literature.14The formation of the -complex,
CpRu(CO)2[CH(Et)CH(Et)SPh]+ (8), in our studies confirms the reactivity of the trans-olefin
with an incoming ligand and supports our claim that a transient 1-complex (C) forms during
the trans-to-cis conversion.
Scheme 3. Slipping of ML
n
fragment along olefin –bond by distance Z.
Although the mechanism in Scheme 2 reasonably accounts for the experimental
results, the most important result of these studies is the observation that the simple process of
substituting a trans-olefin in a metal complex by another ligand may result in the formation
of the free cis-olefin. This represents a new pathway for the trans-to-cis isomerization of
olefins that may occur in transition metal complex-catalyzed reactions of olefins. However,
it should be noted that this isomerization does not occur in all olefin substitution reactions.
Even the reaction (eq. 1) of Cp*Ru(CO)2(t3hx)+ with PPh3 liberates only trans-3-hexene.1
Also, the reaction (eq. 1) of CpRu(CO)2(c3hx)+ with PPh3 gives only cis-3-hexene.
Moreover, many substituting ligands (L) (Tables 1 and 2) produce no or little cis-olefin. The
lack of olefin isomerization in these reactions shows that the trans-to-cis isomerization
observed in the present study depends sensitively on the metal complex, the specific trans-
olefin, and the substituting ligand L.
Experimental Section
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Methods and Materials. All reactions were carried out under an inert atmosphere of
dry argon using standard Schlenk techniques. Diethyl ether, methylene chloride, and
hexanes were purified on alumina using a Solv-Tek solvent purification system, similar to
that reported by Grubbs.15 The olefins trans-3-hexene (t3hx), trans-2-pentene (t2pt), trans-3-
octene (t3oct), trans-4-octene (t4oct), and trans-5-decene (t5dec) were purchased from
Sigma-Aldrich Chemical Co. and used as received. All deuterated solvents were purchased
from Cambridge Isotope Laboratories. Solution infrared spectra were recorded on a Nicolet-
560 spectrometer using a NaCl cell with a 0.1 mm path length. 1H and 13C NMR spectra were
recorded on a Bruker DRX-400 spectrometer using the deuterated solvents as internal
references. Elemental analyses were performed on a Perkin-Elmer 2400 Series II CHNS/O
analyzer. The compound CpRu(CO)2Cl was prepared according to reported methods.16
General Procedure for Preparations of the [CpRu(CO)2( 2-olefin)]BF4 Complexes
(1-5). To a mixture of dry CH2Cl2 (20 mL) containing AgBF4 (75.6 mg, 0.388 mmol) was
added CpRu(CO)2Cl (100 mg, 0.388 mmol) and 1.2 mmol of the olefin (olefin = t3hx, t2pt,
t3oct, t4oct, t5dec). The solution was stirred at room temperature for 4 to 6 h until the
reaction was complete as indicated by the disappearance of the (CO) bands for
CpRu(CO)2Cl in the IR spectrum. The solution was filtered to remove AgCl and
concentrated in vacuo to approximately 1 mL. Then, 20 mL of hexanes was added to
precipitate the tan solid product which was isolated by filtration and washed with hexanes (3
× 5 mL) to remove excess olefin. Isolated yields were typically 75-85%. The products could
were be purified further by recrystallization from CH2Cl2/ether.
Characterization of Compounds 1-5. [CpRu(CO)2( 2-t3hx)]BF4 (1). 1H NMR
(CD2Cl2, 400 MHz, 293 K): 5.87 (s, 5H, C5H5), 4.86 (m, 2H, H3,4), 2.23 (m, 2H, H2,5), 1.64
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(m, 2H, H2,5), 1.17 (t, 3JHH = 7.6 Hz, 6H, H1,6). 13C{1H} NMR (CD2Cl2, 100 MHz, 293 K):
197.02 (C•O), 192.58 (C•O), 91.78 (C5H5), 85.15 (C3,4), 32.89 (C2,5), 18.12 (C1,6). IR
(CH2Cl2): (CO) (cm1) 2078 (s), 2035 (s). Anal. Calcd for C13H17BF4O2Ru: C, 39.71; H, 4.37.
Found: C, 40.07; H, 4.77. Uncoordinated t3hx. 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.46
(m, 2H, H3,4), 2.01 (m, 4H, H2,5), 0.98 (t, 3JHH = 7.6 Hz, 6H, H1,6). 13C{1H} NMR (CD2Cl2, 100
MHz, 293 K): 131.30 (C3,4), 26.31 (C2,5), 14.34 (C1,6). Uncoordinated c3hx. 1H NMR
(CDCl3, 400 MHz, 293 K): 5.35 (m, 2H, H3,4), 2.05 (m, 4H, H2,5), 0.97 (t, 3JHH = 7.6 Hz, 6H,
H1,6). 13C{1H} NMR (CDCl3, 400 MHz, 293 K): 131.08 (C3,4), 20.55 (C2,5), 14.48 (C1,6).
[CpRu(CO)2( 2-t2pt)]BF4 (2). 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.87 (s, 5H,
C5H5), 4.98 (m, 2H, H2,3), 2.15 (m, 1H, H4), 1.93 (d, 3JHH = 5.2 Hz, 3H, H1), 1.64 (m, 1H, H4),
1.17 (t, 3JHH = 7.6 Hz, 3H, H5). 13C{1H} NMR (CD2Cl2, 100 MHz, 293 K): 197.11 (C•O),
192.58 (C•O), 91.77 (C5H5), 86.89 (C3), 79.94 (C2), 32.80 (C4), 24.90 (C1), 17.91 (C5). IR
(CH2Cl2): (CO) (cm1) 2078 (s), 2035 (s). Anal. Calcd for C12H15BF4O2Ru: C, 38.02; H, 3.99.
Found: C, 37.69; H, 3.99. Uncoordinated t2pt. 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.43
(m, 2H, H2,3), 1.99 (m, 2H, H4), 1.64 (m, 3H, H1), 0.95 (t, 3JHH = 7.6 Hz, 3H, H5). 13C{1H}
NMR (CD2Cl2, 100 MHz, 293 K): 133.72 (C3), 124.14 (C2), 26.19 (C4), 18.19 (C1), 14.33
(C5).
[CpRu(CO)2(2-t3oct)]BF4 (3). 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.86 (s, 5H,
C5H5), 4.88 (m, 2H, H3,4), 2.25 (m, 2H, H2,5), 1.69 (m, 1H, H2), 1.56 (m, 3H, H5,6), 1.41 (m,
2H, H7), 1.18 (t, 3JHH = 7.2 Hz, 3H, H1), 0.93 (t, 3JHH = 7.2 Hz, 3H, H8). 13C{1H} NMR (CD2Cl2,
100 MHz, 293 K): 197.06 (C•O), 192.55 (C•O), 91.76 (C5H5), 85.91 (C3), 83.96 (C4), 39.40
(C5), 36.14 (C6), 32.93 (C2), 22.70 (C7), 18.15 (C1), 14.10 (C8). IR (CH2Cl2): (CO) (cm-1) 2078
(s), 2035 (s). Uncoordinated t3oct. 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.42 (m, 2H,
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H3,4), 1.99 (m, 4H, H2,5), 1.33 (m, 4H, H6,7), 0.96 (t, 3JHH = 7.6 Hz, 3H, H1), 0.89 (t, 3JHH = 7.2
Hz, 3H, H8). 13C{1H} NMR (CD2Cl2, 100 MHz, 293 K): 132.43 (C3), 129.94 (C4), 32.85 (C5),
32.49 (C6), 26.22 (C2), 22.82 (C7), 14.42 (C1), 14.34 (C8).
[CpRu(CO)2(2-t4oct)]BF4 (4). 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.86 (s, 5H,
C5H5), 4.90 (m, 2H, H4,5), 2.24 (m, 2H, H3,6), 1.56 (m, 6H, H2,3,6,7), 0.99 (t, 3JHH = 7.2 Hz, 6H,
H1,8). 13C{1H} NMR (CD2Cl2, 100 MHz, 293 K): 197.09 (C•O), 192.51 (C•O), 91.74 (C5H5),
84.59 (C4,5), 41.65 (C3,6), 27.43 (C2,7), 13.87 (C1,8). IR (CH2Cl2): (CO) (cm-1) 2078 (s), 2035
(s). Uncoordinated t4oct. 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.41 (m, 2H, H4,5), 1.96
(m, 4H, H3,6), 1.37 (m, 4H, H2,7), 0.89 (t, 3JHH = 7.2 Hz, 6H, H1,8). 13C{1H} NMR (CD2Cl2, 100
MHz, 293 K): 130.93 (C4,5), 35.33 (C3,6), 23.41 (C2,7), 14.01 (C1,8).
[CpRu(CO)2(2-t5dec)]BF4 (5). 1H NMR (CD2Cl2, 400 MHz, 293 K): 5.86 (s, 5H,
C5H5), 4.88 (m, 2H, H5,6), 2.25 (m, 2H, H4,7), 1.56 (m, 6H, H3,4,7,8), 1.41 (m, 4H, H2,9), 0.93 (t,
3JHH = 7.2 Hz, 6H, H1,10). 13C{1H} NMR (CD2Cl2, 100 MHz, 293 K): 197.09 (C•O), 192.53
(C•O), 91.74 (C5H5), 84.57 (C5,6), 39.45 (C4,7), 36.19 (C3,8), 22.77 (C2,9), 14.09 (C1,10). IR
(CH2Cl2): (CO) (cm1) 2078 (s), 2035 (s). Uncoordinated t5dec. 1H NMR (CD2Cl2, 400
MHz, 293 K): 5.40 (m, 2H, H5,6), 1.98 (m, 4H, H4,7), 1.33 (m, 8H, H2,3,8,9), 0.89 (t, 3JHH = 7.2
Hz, 6H, H1,10). 13C{1H} NMR (CD2Cl2, 100 MHz, 293 K): 130.92 (C5,6), 32.90 (C4,7), 32.51
(C3,8), 22.82 (C2,9), 14.34 (C1,10).
General Procedure for Reactions of the CpRu(CO)2(trans-olefin)+ Complexes
with Nucleophiles/Ligands Resulting in Displacement of the Olefin. A 0.010 mmol
sample of the complex (1-5) was placed in a 22 cm NMR tube. The tube was then moved
into a glove box and a 0.70 mL aliquot of deuterated solvent (CD2Cl2, acetone-d6, or DMSO-
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d6) was added to the NMR tube by calibrated syringe. An excess of the nucleophile was then
added (10x-50x) to the NMR tube which was subsequently capped with a rubber septum.
After removal from the glove box, the NMR tube was then flame-sealed and placed in a
constant temperature bath at 50.0 ± 0.1 °C. The tube was removed from the bath periodically
and the spectrum was recorded on a Bruker DRX-400 spectrometer at room temperature
using the deuterated solvent as the internal lock and standard. The tube was then returned to
the bath within a 10-min period. After the bound olefin peak had disappeared, the NMR tube
was opened and attached to a vacuum line along with an empty NMR tube. After the sample
was frozen with liquid nitrogen, it was evacuated along with the empty NMR tube. The
vacuum was turned off, and the sample tube was allowed to warm to room temperature
thereby transferring the liquid into the empty NMR tube that was immersed in liquid
nitrogen. This process transferred the deuterated solvent, the free olefin(s), and sometimes
excess nucleophile to the originally empty NMR tube. A 1H NMR spectrum of the contents
of the tube showed diagnostic peaks (see above) for the olefinic protons of the free cis and
trans isomers, which were integrated to give the relative amounts of the cis and trans
isomers. All reactions listed were done in duplicate. The relative amounts of cis and trans
isomers that were obtained from each trial were reproducible to within 3% or less.
Kinetic Studies of the Reactions of CpRu(CO)2(t3hx)+ with PPh3 and 4-Picoline.
A 0.010 mmol sample of complex 1 was placed in a 22 cm NMR tube. The tube was then
moved into a glove box and a 0.70 mL aliquot of CD2Cl2 was added to the NMR tube by
calibrated syringe. An excess of the nucleophile was then added (30x-70x) to the NMR tube
which was subsequently capped with a rubber septum. After removal from the glove box,
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the NMR tube was then flame-sealed and placed in a Bruker DRX-400 spectrometer
maintained at a constant temperature of 50.0 ± 0.1 °C. Spectra were recorded on the Bruker
DRX-400 spectrometer at specific intervals using the deuterated solvent as the internal lock
and standard. The olefin methyl peaks were integrated using XWIN-NMR software. Rate
constants, k
obs, were obtained from the slopes of first-order least-squares plots of ln
(1+[Product]/[Reactant]) vs. time.17 All trials were done in duplicate.
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Tables
Table 1. Amounts of Free cis- and trans-3-hexene Obtained at 25 °C in CD2Cl2 from the
Reaction: CpRu(CO)2(t3hx)+ + L  CpRu(CO)2(L)+ + cis/trans-3-hexene.






d 2.73 1200 44/56
2 PPh2Me
d 4.57 312 43/57
3 PPhMe2
d 6.50 144 0/100
4 PMe3
e 8.65 144 0/100
5 PCy3
d 9.70 480 13/87
6 P(OMe)3e - 1440 0/100
7 P(OEt)3e - 720 0/100
8 P(OPh)3d - 1440 0/100
9 pyridined 5.23 960 78/22
10 2-bromopyridinec 0.90 1440 6/94
11 2-benzoylpyridinec 2.60 1440 20/80
12 2-hydroxypyridined 0.75 1440 27/73
13 3-bromopyridinec 2.91 1440 34/66
14 4-methoxypyridinee 6.62 480 83/17
a 50-fold concentration as compared with that of CpRu(CO)2(t3hx)+ (1). b The cis/trans ratios
were determined at the indicated times when all of CpRu(CO)2(t3hx)+ (1) had reacted. Only
reactions 10-13 were stopped before 1 had reacted completely. c Small amount of
decomposition. d Moderate amount of decomposition. e Large amount of decomposition.
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Table 2. Amounts of Free cis- and trans-3-hexene Obtained at 50 °C in CD2Cl2 from the
Reaction: CpRu(CO)2(t3hx)+ + L  CpRu(CO)2(L)+ + cis/trans-3-hexene.






c 10x 2.73 48 8/92
16 PPh3
c 50x 2.73 48 29/71
17 PPh3
c 100x 2.73 48 3169
18 4-picolinec 10x 5.98 48 45/55
19 4-picolinec 50x 5.98 48 74/26
20 4-picolinec 100x 5.98 48 73/27
21 pyridinec 50x 5.23 48 67/33
22 pyridine Pure 5.23 48 40/60
23 2-bromopyridineb 50x 0.90 96 3/97
24 2-benzoylpyridineb 50x 2.60 96 14/86
25 2-methoxypyridinec 50x 3.06 96 20/80
26 2-picolineb 50x 6.00 48 58/42
27 3-bromopyridineb 50x 2.91 72 22/78
28 4-CF3pyridine
b 50x - 48 18/82
29 4-methoxypyridined 50x 6.62 48 76/24
30 (BzNEt3)Brb 50x - 48 0/100
31 (BzNEt3)Clb 50x - 48 32/68
32 piperidined 50x 11.3 0.5 0/100
33 DMAPd 50x 9.2 12 0/100
34 N-methylmorpholined 50x 7.38 72 55/45
35 quinolined 50x 4.90 72 44/56
36 pyrazoled 50x 2.48 144 0/100
37 imidazoled 50x 6.95 144 68/32
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Table 2. (continued) 
38 quinaldined 50x 5.42 144 32/68
39 indolined 50x 4.9 192 30/70
40 2,2-bipyridyld 50x - 96 25/75
41 4,4-dimethyl-2,2-
bipyridyld
50x - 96 32/68
42 benzophenone
imined
50x - 48 48/52
43 2,2,4,4-tetramethyl-
3-pentanone imined
50x - 48 15/85
a The cis/trans ratios were determined at the indicated times when all of CpRu(CO)2(t3hx)+
(1) had reacted. Only reactions 10-13 were stopped before 1 had reacted completely. b Small
amount of decomposition. c Moderate amount of decomposition. d Large amount of
decomposition.
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Table 3. Amounts of Free cis- and trans-3-hexene Obtained at Various Temperatures CD2Cl2











c 2.73 1200 44/56
45 30 PPh3
c 2.73 525 41/59
46 40 PPh3
c 2.73 96 36/64
47 50 PPh3
c 2.73 48 29/71
48 25 pyridinec 5.23 960 78/22
49 30 pyridinec 5.23 525 79/21
50 40 pyridinec 5.23 96 75/25
51 50 pyridinec 5.23 48 67/33
a 50-fold concentration as compared with that of CpRu(CO)2(t3hx)+ (1).  b The cis/trans 
ratios were determined at the indicated times when all of CpRu(CO)2(t3hx)+ (1) had reacted.  
Only reactions 10-13 were stopped before 1 had reacted completely.  c Moderate amount of 
decomposition. 
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Table 4. Amounts of Free cis- and trans-olefin at 50 °C in CD2Cl2 from the Reaction:
CpRu(CO)2(trans-olefin)+ + L  CpRu(CO)2(L)+ + cis/trans-olefin.
entry compound olefin liganda pK
a
cis/trans ratiob
52 1 trans-3-hexene PPh3
d 2.73 29/71
53 2 trans-2-pentene PPh3
d 2.73 17/83
54 3 trans-3-octene PPh3
d 2.73 26/74
55 4 trans-4-octene PPh3
d 2.73 0/100
56 5 trans-5-decene PPh3
d 2.73 0/100
57 1 trans-3-hexene 4-methoxypyridinee 6.62 76/24
58 2 trans-2-pentene 4-methoxypyridinee 6.62 75/25
59 3 trans-3-octene 4-methoxypyridinee 6.62 71/29
60 1 trans-3-hexene 4-picolined 5.98 73/27
61 4 trans-4-octene 4-picolined 5.98 c
62 5 trans-5-decene 4-picolined 5.98 c
a 50-fold concentration as compared with that of CpRu(CO)2(trans-olefin)+. b The cis/trans 
ratios were determined at the indicated times when all of CpRu(CO)2(trans-olefin)+ had 
reacted.  Only reactions 10-13 were stopped before 1 had reacted completely.  c Exact ratio 
cannot be determined due to peak overlap in the 1H NMR spectrum but is estimated to be 
50/50 based on inspection.  d Moderate amount of decomposition.  e Large amount of 
decomposition. 
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Table 5. Amounts of Free cis- and trans-3-hexene Obtained at 50 °C in Various Solvents
from the Reaction: CpRu(CO)2(t3hx)+ + L  CpRu(CO)2(L)+ + cis/trans-3-hexene.






d 2.73 48 29/71
64 CDCl3 PPh3
d 2.73 48 26/74
65 DMSO-d6 PPh3
c 2.73 48 15/85
66 Acetone-d6 PPh3
c 2.73 72 0/100
67 CD2Cl2 4-picoline
d 5.98 48 74/26
68 CDCl3 4-picoline
d 5.98 48 57/43
69 Acetone-d6 4-picoline
e 5.98 48 32/68
70 CD3OD 4-picoline
c 5.98 48 9/91
a 50-fold concentration as compared with that of CpRu(CO)2(t3hx)+ (1).  b The cis/trans 
ratios were determined at the indicated times when all of CpRu(CO)2(t3hx)+ (1) had reacted.  
Only reactions 10-13 were stopped before 1 had reacted completely.  c Small amount of 
decomposition.  d Moderate amount of decomposition.  e Large amount of decomposition. 
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CHAPTER 4: PARTIAL SEPARATION OF 
POLYUNSATURATED FATTY ACID METHYL ESTERS BY 
ADSORPTION ON INCIPIENT WETNESS IMPREGNATED 
SILVER NITRATE-SILICA  
 
A Paper in the format required for the Journal of the American Oil Society 




The incipient wetness impregnation (IWI) method was used to prepare a series of 
AgNO3/SiO2 adsorbents that were used in the extraction of unsaturated FAMEs from hexane 
solutions of methyl soyate and methyl canolate.  In comparison to AgNO3/SiO2 adsorbents 
prepared by wet impregnation (WI), the IWI-prepared adsorbents exhibit higher selectivities 
for the polyunsaturates 18:3 and 18:2.  The 40% AgNO3/SiO2-IWI adsorbent reduces the 
amount of 18:3 from 7.0% in methyl soyate to 1.3% while extracting only 9% of the original 
FAMEs mixture.  Further reductions in 18:3 in methyl soyate and methyl canolate were 
achieved using more adsorbent.  The IWI-prepared adsorbents are robust and can be reused 





Global production of vegetable oil has been increasing on a yearly basis from 201 
billion pounds in 2000 to 264 billion pounds in 2006 of which 22.4 billion pounds were 
produced in the United States.1 Soybean oil is the primary vegetable oil produced in the 
United States, and despite its lower yield of oil on a per acre basis (48 gallons/acre) in 
comparison to other vegetable oils (notably rapeseed oil, 127 gallons/acre), it is the primary 
oil used in the production of biodiesel within the United States.2 Biodiesel fuel is generated 
by the transesterification of vegetable oil with methanol to produce fatty acid methyl esters 
(FAMEs), which along with their use as a fuel, are also suitable for chemical feedstocks, 
lubricants, drying oils, cooking oils, eco-friendly greases, and composite plastics.3
More attention has been given to FAMEs in recent years due not only to the 
continuing depletion of fossil fuels but also due to their biodegradable characteristics and 
lower CO2 and VOC (volatile organic compounds) emissions in comparison to petroleum 
diesel, which make them environmentally friendly in many processes.4 However, factors that 
limit their applications include the exact composition of the esters (carbon chain length, 
degree of unsaturation) and their susceptibility to oxidation.5 In soybean oil, the main 
contributor to its oxidative susceptibility is methyl linoleneate (18:3) despite its relatively 
low abundance in methyl soyate (7.0%).6 Thus, removal of methyl linoleneate from methyl 
soyate would be an attractive goal for the development of methyl soyate applications where 
oxidative stability is important. 
 A prior study7 by our group employed solid-phase adsorbents, prepared by wet 
impregnation (WI) of silica with AgNO3, to reduce the amount of 18:3 in methyl soyate on a 
relatively large scale (~ 1 mL FAMEs) in comparison to analytical methods such as thin-
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layer chromatography.8 Effective reduction of the methyl linoleneate (18:3) from 7.0% to 
0.1% was accomplished using a 20% AgNO3/SiO2-WI (w/w%) adsorbent, but it required 
removing 0.65 mL of the initial FAMEs mixture.  While the reduction of 18:3 was 
significant, the total amount of FAMEs removed was large, which made this extraction 
process impractical for applications where removal of 18:3 was the major goal.  The aim of 
the present study was to improve upon the removal of 18:3 by increasing the selectivity of 
the solid-phase adsorbent for 18:3 and decreasing the total amount of FAMEs removed 
during the extraction process.   
A common preparation method for many solid-phase heterogeneous catalysts is 
incipient wetness impregnation (IWI), which is also known as pore volume impregnation.9
In this methodology, just enough of the solution containing the precursor (AgNO3) is added 
to completely fill the pores of the support (SiO2) whereas in wet impregnation the support is 
placed into an excess amount of the precursor solution.  In both methods three processes are 
occurring: 1) transport of the precursor to the pores, 2) diffusion of the precursor within the 
pores, and 3) adsorption of the precursor to the pore walls.  However, in wet impregnation 
there is also a fourth process: transport of the precursor to the outer particle surface.10 This 
additional process can lead to pore clogging and less uniform coverage.  In the IWI method, 
most of the precursor solution, e.g., AgNO3 in H2O, will move into the pores, which will 
produce a more uniform distribution of AgNO3 on the pore walls, which may create more 
sites that are selective for the adsorption of 18:3.  As described in this paper, a AgNO3/SiO2
adsorbent that is prepared by the IWI method is indeed more selective for 18:3 than that 





Materials. The FAMEs mixture was provided under the name Soy Clear 1500 by 
AG Environmental L.L.C. (Omaha, NE), stored under an inert gas, and used as received.  
Canola oil was purchased from a local grocery store and the methyl canolate was produced 
by the transesterification of canola oil using a mesoporous calcia-silica solid catalyst in 
methanol.  Methyl canolate can also be produced using procedures previously described in 
the literature.11 The mesoporous silica support, SBA-15, was prepared with the use of 
Pluronic P123 surfactant as previously described.12 Other chemicals were reagent grade or 
higher and used as received.  All procedures were carried out in air.  All FAMEs 
compositions were analyzed on a Hewlett-Packard gas chromatograph (6800 series) equipped 
with an FID and a fused-silica capillary column (SPTM 2330, 30 m x 0.25 mm x 0.25 \m film 
thickness; Supelco, Bellefonte, PA).  All weight measurements were taken on an analytical 
balance accurate to ±0.0005 g. 
(i) Methods. Conditions of GC analysis.  GC analysis conditions were as follows:  
0.7 mL min-1 of He carrier gas; split injection with a split ratio of 100:1; FID temperature 
250ºC; injector temperature 250ºC; oven temperature 200ºC.  Response factors for the 
FAMEs (16:0, 18:0, 18:1, 18:2, 18:3) relative to the internal standard methyl heptadecanoate 
(17:0) were determined to be 1.00 ± 0.04; therefore peak areas were used without correction.   
(ii) Preparation of AgNO3/SiO2-IWI. Five different compositions (10, 20, 30, 40, 
50% w/w) of AgNO3/SiO2 were prepared by the IWI method.13 A typical procedure for the 
synthesis of 50% AgNO3/SiO2 was as follows: 2.5 g of AgNO3 was added into a 25 mL flask 
and then dissolved in 10.0 mL of deionized water.  Into a separate vial, 2.5 g of SiO2 (200-
400 mesh, 0.75 cm3 pore volume/g, Aldrich) was added.  A volume of the AgNO3 solution 
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equal to the total pore volume of the SiO2 was then added via syringe to the SiO2 surface.  
Complete wetting of the substrate was achieved within 15 s of the addition after which the 
sample was then placed into an oven at 100ºC until dry (~ 3 h).  The SiO2 was again wetted 
with the AgNO3 solution, dried and repeated until the entire AgNO3 solution had been added 
to the SiO2. Volumes of successive additions of the AgNO3 solution to the SiO2 were less 
than that of the total pore volume of the SiO2 due to a decrease in pore volume caused by the 
added AgNO3. During these subsequent additions, enough AgNO3 solution was added so 
that the entire SiO2 solid was visibly wet.  Multiple additions to the SiO2 were necessary as 
the total volume of the AgNO3 solution (10.0 mL) was greater than that of the SiO2 pore 
volume (1.9 cm3 for 2.5 g of SiO2). After the final addition, the AgNO3/SiO2 adsorbent was 
dried in an oven at 100ºC for 24 h to give a free-flowing white solid.  This same procedure 
was followed for the synthesis of all other AgNO3 loadings.  In order to standardize the 
results obtained from adsorbents prepared over various time periods, each adsorbent, prior to 
use, was placed in an oven at 100ºC for 1 h to ensure removal of any moisture the adsorbent 
may have accumulated between preparation and usage.  It was found during other 
experiments that insufficient drying led to a much lower binding capacity of the adsorbent, 
which gave different FAMEs compositions than those reported in this paper. 
 Similarly, the 50% AgNO3/SBA-15 adsorbent was prepared by multiple additions of 
a AgNO3 solution (2.5 g of AgNO3 in 10 mL of deionized water) to 2.5 g of SBA-15 
followed by drying in an oven at 100ºC.  After the final addition, the AgNO3/SBA-15 
adsorbent was dried in an oven at 100ºC for 24 h to give a white solid.  The AgNO3/SBA-15 
adsorbent had a 182.8 ± 0.4 m2/g BET surface area and a 91 Å average pore size.  These 
parameters were measured at 77 K using the BET/BJH (Brunnauer-Emmett-Teller/Barrett-
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Joyner-Halenda) method with N2 gas on a Micrometrics ASAP 2000 (Norcross, GA) 
instrument. 
(iii) General procedure for FAMEs extractions. A 5.0 g sample of AgNO3/SiO2–
IWI adsorbent was loaded into a glass column (20 x 3 cm) containing a medium-porosity frit.  
A solution (1.0 mL of FAMEs in 100 mL of hexane) was added on top of the adsorbent and 
allowed to stand for 30 minutes during which time the FAMEs partially adsorbed to the 
AgNO3/SiO2. The solution was then gravity filtered into a 500 mL round-bottom flask to 
give hexane solution C, as shown in Scheme 1.  The AgNO3/SiO2 adsorbent was then 
washed with 2 x 50 mL of hexane, which was also collected in the 500 mL flask (D).  The 
hexane washes were immediately forced through the frit by application of a N2 gas flow.  
The hexane solutions (C and D) were combined to give hexane solution H. The adsorbent 
was then washed with 3 x 50 mL diethyl ether to desorb the polyunsaturated FAMEs and 
collected in a 250 mL round-bottom flask.  The diethyl ether washes were also forced 
through the frit by the application of a N2 gas flow.  The hexane and diethyl ether solvents 
were both removed by rotary evaporation under reduced pressure to give two FAMEs 
fractions (H and G).  The composition of each fraction was analyzed using gas 
chromatography as described below in section (v).  All of the extractions were done in air 
and at room temperature. 
(iv) Regeneration of the adsorbent during multiple extractions. Some of the data 
presented in Tables 4, 5, and 6 are from successive extractions using the same adsorbent 
material.  In Table 4, four consecutive extractions using the same 5.0 g of 20% AgNO3/SiO2-
IWI were performed with each extraction employing a fresh solution of 1.0 mL of FAMEs in 
100 mL of hexane.  After each extraction, the adsorbent material was regenerated by passing 
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a N2 flow through the solid for 10 min to remove any residual diethyl ether from the prior 
washes.  For data in Tables 5 and 6, a two-stage extraction employing 5.0 g of 40% 
AgNO3/SiO2-IWI was used in extractions of methyl soyate and methyl canolate.  The first 
extraction, in both cases, was done using a solution of 1.0 mL FAMEs in 100 mL of hexanes 
after which the adsorbent was regenerated by passing a N2 flow over the solid for 10 min.  
The second extraction then used the residual FAMEs from the hexane (H) fraction dissolved 
in 100 mL of hexane, and the extraction was done using the regenerated 40% AgNO3/SiO2-
IWI adsorbent.      
(v) Analysis of the composition of FAMEs. After evaporation of the solvent from 
the hexane fraction H, the resulting FAMEs were dissolved in 8 mL (2 x 4 mL) of hexane 
and transferred into a 10 mL volumetric flask and diluted to the 10 mL mark.    Similarly, 
after evaporation of the solvent from the diethyl ether fraction, the resulting FAMEs were 
dissolved in 8 mL (2 x 4 mL) of hexane and transferred into a 10 mL volumetric flask and 
diluted to the 10 mL mark.  Then, using a calibrated microliter syringe, 20 \L of each of 
these solutions were mixed with 50 \L of a solution of the internal standard methyl 
heptadecanoate (0.0323 g of 17:0 in 25 mL of decane) in a 0.6 mL microcentrifuge tube.  
Next, 1 \L of each solution (in triplicate) was injected into the HP 6800 series GC fitted with 
an FID.  Individual FAME concentrations were recorded on an HP 3396 series III integrator.  
Each FAME peak was compared to the peak of the internal standard (17:0) and individual 
FAME concentrations were determined based on the known concentration of 17:0.  
Compositions of the FAMEs (Tables 1-6) were reproducible to within ±3% of the reported 





The extraction process. Optimal conditions (adsorption time, solvents, adsorbent 
type, and effect of stirring) for the extraction process were determined in the previous study 
of AgNO3/SiO2-WI.7 The procedure reported below is based on these prior studies without 
modification.  The diagram in Scheme 1 shows the overall extraction process.   
Scheme 1. Extraction Process. 
A hexanes solution (A) containing a given amount of FAMEs (methyl soyate or methyl 
canolate) is added to a column fitted with a medium-porosity frit that has been loaded with 
solid AgNO3/SiO2 adsorbent.  The solution is allowed to be in contact with the adsorbent for 
30 minutes after which gravity filtration separates the adsorbent (B) from the hexane solution 
(C).  The adsorbent (B) is washed with additional hexanes (D) and added to C to give the 
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combined hexane solution (H).  The hexane-washed AgNO3/SiO2 adsorbent (E) is then 
washed with diethyl ether to remove adsorbed-FAMEs from E to give the diethyl ether 
solution (G) and regenerated adsorbent (F).  Typically, solution H contains mostly the 
saturated FAMEs (16:0 and 18:0) whereas solution G contains mostly the unsaturated 
FAMEs (18:1, 18:2, and 18:3) with the polyunsaturated FAMEs being the primary 
component. 
Effect of decreasing the amount of SiO2 on extractions of methyl soyate by 
AgNO3/SiO2-IWI.  A series of adsorbents were prepared wherein the amount of AgNO3 (1.0 
g) was kept constant while the amount of SiO2 was reduced from 9.0 g to 1.0 g, which 
effectively increased the wt% of the AgNO3 from 10% to 50%.  The 10% AgNO3/SiO2-IWI 
adsorbent was prepared by adding 1.0 g of AgNO3 to 9.0 g of SiO2. Similarly, 1.0 g of 
AgNO3 added to 1.0 g of SiO2 gave the 50% AgNO3/SiO2-IWI adsorbent.  As the amount of 
SiO2 decreases, the total amount of surface area available to the AgNO3 also decreases 
resulting in denser coverage of the silica surface by the AgNO3. Each adsorbent was used in 
the extraction of 1.0 mL of methyl soyate in 100 mL of hexanes, and results from these 
experiments are shown in Table 1. 
The 10% AgNO3/SiO2-IWI adsorbent removes almost all of the FAMEs from the 
initial hexane solution yielding 0.97 mL in the diethyl ether fraction (G), which is consistent 
with prior work, which showed that both 5.0 g and 10.0 g samples of pure SiO2 effectively 
remove >95% of the FAMEs; however, 2.0 g of pure SiO2 removes only 10% of the 
FAMEs.7 Analyses of both the hexane and ether fractions from the pure SiO2 extractions 
show that the compositions of the FAMEs are similar to that of the feed stock.  Thus, pure 
SiO2 itself does not selectively bind specific FAMEs.  The 20% AgNO3/SiO2-IWI absorbs a 
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smaller amount of the FAMEs in the G fraction (0.35 mL) in comparison to 10% 
AgNO3/SiO2-IWI.  Similarly, as the wt% of AgNO3 is increased to 30%, 40%, and 50%, the 
amount of FAMEs obtained in fraction G decreases to 0.21 mL, 0.09 mL, and 0.06 mL, 
respectively.  Conversely, as the wt% of AgNO3 is increased from 10 to 50% the amount of 
FAMEs retained in the hexane fraction (H) increases from 0.02 mL with 10% AgNO3/SiO2
to 0.94 mL with 50% AgNO3/SiO2. Therefore, as the amount of SiO2 decreases so does the 
effective capacity of the adsorbent to retain FAMEs.   
The selectivity of the various adsorbents for the polyunsatured FAMEs can be gauged 
by calculating the 18:2/18:1, 18:3/18:1, and 18:3/18:2 ratios in the hexane and diethyl ether 
fractions.  At the higher AgNO3 loadings, the distance between AgNO3 units becomes 
smaller, which may make it possible for separate Ag+ ions to bind to each of the double 
bonds in polyunsaturated FAMEs.  This would result in a greater affinity for the AgNO3/SiO2
adsorbent as the number of double bonds in the FAMEs increases.  This possibility can be 
evaluated by examining trends in the 18:2/18:1, 18:3/18:1, and 18:3/18:2 ratios in the diethyl 
ether fractions.  Since the 10% AgNO3/SiO2-IWI absorbs nearly all of the FAMEs, the 
18:2/18:1 ratio in the G fraction (2.1) is not very different from that of the feed solution (2.2).  
The 20% AgNO3/SiO2-IWI, however, exhibits a very high 18:2/18:1 ratio of 21.8 indicating 
a preference for 18:2 in comparison to 18:1.  The highest 18:2/18:1 ratio is obtained with 
30% AgNO3/SiO2-IWI, which gives a value of 23.9 and decreases slightly to 21.0 for 40% 
AgNO3/SiO2-IWI and then dramatically to 12.5 for 50% AgNO3/SiO2-IWI.  The trend for the 
18:3/18:1 ratio is similar to that of the 18:2/18:1 ratio with the 10% AgNO3/SiO2-IWI 
yielding a value of 0.2 which is similar to that of the feed solution (0.3).  As the wt% of 
AgNO3 increases to 20%, 30%, and 40% so too does the 18:3/18:1 ratio, which yields values 
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of 4.6, 10.0, and 27.8, respectively.  The 50% AgNO3/SiO2-IWI exhibits a slight decrease in 
the 18:3/18:1 ratio to 24.9.  The trends in the 18:2/18:1 and 18:3/18:1 ratios show the 
adsorbent becomes more selective for the polyunsaturates, 18:2 and 18:3, at higher AgNO3
loadings.  Similarly, the trend in the 18:3/18:2 ratio, which increases from 0.08 with 10% 
AgNO3/SiO2-IWI with 2.0 in 50% AgNO3/SiO2-IWI, shows that the adsorbents will 
preferentially bind 18:3 in comparison to 18:2 at the higher AgNO3 loadings despite the 
much larger amount of 18:2 present in the methyl soyate feed.  Thus, as the amount of SiO2
is decreased, which effectively increases the AgNO3 wt%, the selectivity of the adsorbent for 
18:3 also increases based on the 18:3/18:1 and 18:3/18:2 ratios.  For the purpose of achieving 
the lowest percentage of 18:3 in the H fraction, while extracting the least amount of FAMEs, 
the 40% AgNO3/SiO2-IWI is the most effective extractant.  By extracting only 9% of the 
original FAMEs solution, 18:3 can be reduced from 7.0% to 1.3% in the hexane (H) fraction 
using 40% AgNO3/SiO2, which exhibits high selectivity for both 18:2 and 18:3. 
Effect of increasing AgNO3 loading on extractions of methyl soyate by 
AgNO3/SiO2-IWI. A series of adsorbents were prepared in which the total mass of the 
AgNO3/SiO2 adsorbent was kept constant (5.0 g) while the relative amounts of both AgNO3
and SiO2 were varied resulting in loadings of 10%, 20%, 30%, and 40% AgNO3/SiO2-IWI.  
As before, extractions with these adsorbents were done using solutions of 1.0 mL of methyl 
soyate in 100 mL of hexanes.  The FAMEs compositions for both the hexane (H) and diethyl 
ether (G) fractions as a function of the AgNO3 loading are shown in Table 2.   
The 10% AgNO3/SiO2-IWI adsorbent extracts 0.36 mL FAMEs from the feed 
solution yielding a composition in the G fraction rich in mono- and polyunsaturates (18:1, 
18:2, and 18:3).  The H fraction is slightly enriched in saturates (16:0 and 18:0) but still 
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contains significant amounts of both 18:1 (33.7%) and 18:2 (43.0%).  The lower amount of 
FAMEs obtained in the G fraction as compared to the 10% AgNO3/SiO2-IWI in Table 1 is 
due to the smaller amount of the adsorbent in Table 2 (5.0 g) than in Table 1 (10.0 g).  As the 
amount of AgNO3 increases from 10% to 40% AgNO3/SiO2-IWI, the total amount of FAMEs 
obtained in the diethyl ether (G) fraction decreases from 0.36 mL to 0.12 mL.  The increase 
in AgNO3 means there is a concomitant decrease in SiO2 resulting in a lower surface area at 
the higher AgNO3 loadings.  As discussed in the prior section, a lower total surface area will 
reduce the capacity of the adsorbent to retain FAMEs.  Therefore the decrease in FAMEs 
retained in the G fraction as the amount of AgNO3 is increased is the same trend as that 
observed in Table 1.  The 20% AgNO3/SiO2-IWI adsorbent retains almost as much of the 
FAMEs in the G fraction (0.35 mL) as 10% AgNO3/SiO2-IWI but exhibits a much higher 
selectivity for the two polyunsaturates 18:2 and 18:3, as represented by 18:2/18:1 and 
18:3/18:1 ratios of 21.8 and 4.6, respectively.  The 18:2/18:1 and 18:3/18:1 ratios continue to 
increase as the AgNO3 loading is increased further to 30% AgNO3/SiO2-IWI (24.1 and 7.3) 
and 40% AgNO3/SiO2-IWI (34.6 and 38.0).  The higher 18:2/18:1 and 18:3/18:1 ratios 
obtained for 40% AgNO3/SiO2-IWI in Table 2 as compared with Table 1 is due to the larger 
amount of absorbent used in Table 2 (2.5 g vs. 5.0 g) which effectively increases the capacity 
of the adsorbent to bind polyunsaturates resulting in a diethyl ether (G) fraction that consists 
of a small amount of 18:1 with large amounts of 18:2 and 18:3 (1.4, 46.8, and 51.5% 
respectively).  The 18:3/18:2 ratio obtained for both 10% and 20% AgNO3/SiO2-IWI (0.2) is 
slightly larger than that of the feed solution (0.1) and increases slightly to 0.3 for 30% 
AgNO3/SiO2-IWI.  On going from 30% AgNO3/SiO2-IWI to 40% AgNO3/SiO2-IWI, the 
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18:3/18:2 ratio increases substantially from 0.3 to 1.1 indicating that 18:3 is preferentially 
bound by the adsorbent in comparison to 18:2 at AgNO3 loadings higher than 30%.  
Effect of adsorbent type. The SiO2 used in preparations of the AgNO3/SiO2
adsorbents reported herein has a large range of pore sizes and an amorphous structure that 
possibly causes some of the AgNO3 units to be inaccessible to the FAMEs in small pores.  In 
order to avoid this problem mesoporous SBA-15, which exhibits both a large surface area 
and a hexagonal structure of parallel channels with large well-defined pores sizes was 
prepared using tetraethyl orthosilicate (TEOS) and poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (average M.W. = 5800 g/mol) as the 
organic structure directing agent.12 After calcination removed the organic templating 
material, the solid was subjected to BET surface analysis using the BET/BJH method and 
found to have a surface area of 940 m2/g.  After impregnating 1.0 g of the SBA-15 with 1.0 g 
of AgNO3, the resulting solid (50% AgNO3/SBA-15-IWI) had a surface area of 183 m2/g, 
which indicated a substantial decrease in surface area due to the addition of the AgNO3. A
decrease in the incremental pore volume from 0.59 cm3/g in pure SBA-15 to 0.18 cm3/g in 
50% AgNO3/SBA-15-IWI indicates that some of the AgNO3 units are bound along the 
channel walls as opposed to solely covering the SBA-15 surface.  A 2.0 g sample of 50% 
AgNO3/SBA-15-IWI was used to extract FAMEs from a methyl soyate solution (1.0 mL of 
methyl soyate in 100 mL of hexane), and the results are shown in Table 3.   
Surprisingly, not all of the 1.0 mL of FAMEs was recovered when the hexane and 
diethyl ether fractions were analyzed.  The total amount of the hexane (H) fraction (0.57 mL) 
and the diethyl ether (G) fraction (0.10 mL) was far less than the starting 1.0 mL of FAMEs.  
Gravity filtration of an additional 200 mL of diethyl ether through the adsorbent failed to 
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elute any more of the adsorbed FAMEs.  Based on the recovery of 0.57 mL of FAMEs in the 
hexane solution, the 50% AgNO3/SBA-15-IWI was able to adsorb 0.43 mL of FAMEs 
exhibiting a much higher capacity in comparison to 50% AgNO3/SiO2-IWI (0.06 mL).  
Presumably the FAMEs adsorbed to the outer surface of the AgNO3/SBA-15-IWI adsorbent 
can be easily recovered whereas FAMEs adsorbed (specific and non-specific) in the SBA-15 
channels are retained more strongly.  Non-specific adsorption by the SBA-15 material may 
result from the incomplete impregnation of the hexagonal channels leading to bare SiO2
interacting with the FAMEs mixture.  Because the 18:3/18:1 and 18:3/18:2 ratios (17.2 and 
0.9) for the 50% AgNO3/SBA-15-IWI adsorbent were significantly lower than those (24.9 
and 1.9) for 50% AgNO3/SiO2-IWI, further experiments with the 50% AgNO3/SBA-15-IWI 
were not pursued.   
Regeneration of the AgNO3/SiO2 adsorbent. As previously reported7 for the 20% 
AgNO3/SiO2-WI prepared by wet impregnation, the AgNO3/SiO2-IWI adsorbent can be 
effectively regenerated by simply allowing the solid to dry, which occurs readily under 
vacuum, under a N2 flow, or at room temperature exposed to the air.  Therefore a series of 
experiments using the same 5.0 g of 20% AgNO3/SiO2-IWI was performed in order to 
determine the selectivity of the regenerated adsorbent (Table 4).   
Each extraction using the 20% AgNO3/SiO2-IWI removes approximately 0.34 mL of 
FAMEs, on average, into the diethyl ether (G) fraction.  A decrease in the amount of FAMEs 
extracted upon each use would be expected if the bound-FAMEs were not removed from the 
AgNO3/SiO2-IWI during regeneration or if the Ag+ were reduced to Ag metal.  The similarity 
in the amount extracted along with no noticeable darkening of the adsorbent (as would be 
expected with the formation of metallic Ag) indicates the adsorbent is robust even after 
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multiple extractions.  There is a decrease in the selectivity of the adsorbent for the 
polyunsaturates after the first use as indicated by a decrease in the 18:2/18:1 and 18:3/18:1 
ratios in the diethyl ether G fraction.  This decrease arises from a higher percentage of 18:1 
(~ 7%) in the diethyl ether (G) fractions of the 2nd, 3rd, and 4th extractions as compared 
with the initial extraction (3.6%).  However, the selectivity of the adsorbent for 18:3 in 
comparison to 18:2 does not change during the successive regenerations as indicated by the 
18:3/18:2 ratio for the G fraction, which is 0.2 after the 1st regeneration and increases 
slightly to 0.3 after the 4th regeneration.  The amount of 18:3 retained in the H fraction only 
varies between 0.3% and 0.5%, which indicates that a similar 18:3-reduced FAMEs 
composition can be obtained even after several regenerations of the adsorbent. 
Extraction of FAMEs derived from canola oil and soybean oil using two 
different extraction methods. The FAMEs mixture prepared from store-bought canola oil 
consists of 4.5% methyl palmitate (16:0), 2.5% methyl stearate (18:0), 66.0% methyl oleate 
(18:1), 19.4% methyl linoleate (18:2), and 7.6% methyl linoleneate (18:3) as determined by 
GC analysis (Table 5).  Based on the high selectivity for both 18:2 and 18:3 exhibited by 5.0 
g of 40% AgNO3/SiO2-IWI, this adsorbent was chosen for the extraction of methyl canolate. 
As methyl canolate contains a smaller amount of 18:2 and a similar amount of 18:3, in 
comparison with methyl soyate, it was an ideal candidate for the generation of a FAMEs 
mixture that had a low 18:3 content and a high 18:1 content.  Two extraction methods were 
used for the extraction of methyl canolate.  The first method used 5.0 g of 40% AgNO3/SiO2-
IWI and a two-stage extraction described in (iv) to remove a total of 0.28 mL FAMEs, 
leaving 0.70 mL in the final H fraction.  The second method used 10.0 g of 40% 
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AgNO3/SiO2-IWI and a single extraction which removed 0.25 mL of FAMEs into the diethyl 
ether fraction.  The results for both extraction methods are listed in Table 5. 
The final hexane fraction (H) of the two-stage extraction of methyl canolate consists 
mostly of 18:1 (86.3%) due to the removal of all of the 18:3 (0.0%) and most of the 18:2 
(1.6%).  The first diethyl ether (G) fraction is rich in both 18:2 (48.0%) and 18:3 (40.2%) but 
the second G fraction is mostly 18:1 (65.5%) with smaller amounts of 18:2 (22.4%) and 18:3 
(11.8%).  The increase in 18:1 in the second G fraction is due to the removal of a large 
portion of the polyunsaturates in the first extraction leaving a FAMEs solution richer in 18:1, 
which then becomes the primary FAME adsorbed by the regenerated 40% AgNO3/SiO2-IWI 
in the second extraction.   
The single extraction removes 0.25 mL of FAMEs from the original feed solution, 
which is comparable to the two-stage extraction (2 x 0.14 mL).  The hexane (H) fraction is 
enriched in 18:1 (81.8%) but is still lower than that (86.3%) obtained in the two-stage 
extraction (86.3%).  Both extraction methods reduce the amount of 18:3 in methyl canolate 
from 7.6% to 0.0% while removing about 25% of the FAMEs solution. 
The two-stage and single extractions were also performed on a methyl soyate solution 
also using 5.0 g and 10.0 g of 40% AgNO3/SiO2-IWI, respectively.  The results from these 
extractions are shown in Table 6. 
As in the two-stage extraction of methyl canolate, the first diethyl ether (G) fraction 
(0.12 mL) is rich in 18:2 and 18:3 (46.9% and 51.4%), which are the same values, within 
experimental error, as those obtained for 40% AgNO3/SiO2 in Table 2.  The second diethyl 
fraction (0.12 mL) in the two-stage extraction is extraordinarily high in 18:2 (86.3%) with 
smaller amounts of 18:1 and 18:3 due to 18:2 being the primary polyunsaturate in the feed 
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solution for the second extraction.  This conclusion is supported by the much higher 
18:3/18:1 ratio in the first extraction (37.5) than the second extraction (0.6).  Also, the 
selectivity of the adsorbent for 18:2 and 18:3 is expected to decrease after the first extraction, 
based on the regeneration results in Table 4. 
The single extraction of methyl soyate gives a diethyl ether (G) fraction (0.25 mL) 
that is rich in both 18:2 (63.1%) and 18:3 (26.5%) and a hexane (H) fraction that is similar in 
composition to that of the final hexane solution in the two-stage extraction.  Both extraction 
methods are able to reduce the 18:3 content in methyl soyate from 7.0% to 0.0% while 
removing 25% of the FAMEs solution. 
 
Discussion 
Basis for 18:2 and 18:3 Selectivity. An important feature of the prepared 
AgNO3/SiO2-IWI adsorbents is their selectivity for 18:3 and 18:2 at high loadings of AgNO3.
The adsorbents show no tendency to bind the saturated FAMEs 16:0 and 18:0 as they lack 
double-bonds capable of binding to the Ag+ ions.  The selectivity for 18:3 and 18:2 is 
diminished at low AgNO3 loadings.  For 10% AgNO3/SiO2-IWI, the SiO2 surface supports 
relatively little AgNO3 where, on average, there is 142 Å2 of silica surface area per AgNO3
unit based on the 500 m2/g surface area of the SiO2, which means that most of the SiO2 is not 
covered with AgNO3. Therefore, 10.0 g of 10% AgNO3/SiO2-IWI adsorbs nearly all of the 
FAMEs because most of the exposed surface is SiO2, which indiscriminately absorbs both the 
saturated and unsaturated FAMEs.  A notable increase in selectivity is seen for 20% 
AgNO3/SiO2-IWI where there is 71 Å2 of silica per AgNO3, which means that the AgNO3
units are approximately 8.4 Å from each other.  As the AgNO3 loading increases to 30%, 
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40%, and 50% the silica surface area per AgNO3 unit decreases to 47 Å, 36 Å, and 28 Å, and 
the average distance between Ag+ ions decreases to 6.9 Å, 6.0 Å, and 5.3 Å, respectively.  
Based on the sharp increase in the 18:2/18:1 ratio in the diethyl ether fraction G upon
increasing the AgNO3 loading from 10% to 20%, it is presumed that at this surface coverage 
it now becomes feasible for two (or three) Ag+ ions to coordinate to two (or three) double 
bonds in 18:2 or 18:3.  When the AgNO3 loading is increased further from 30% to 40%, there 
is a sharp increase in the 18:3/18:1 and 18:3/18:2 ratios, which possibly marks a threshold 
where the AgNO3 units are close enough to effectively bind all three of the double bonds in 
18:3.  These multiple coordinations lead to a higher affinity of 18:3 for the AgNO3/SiO2-IWI 
adsorbent and its preferential extraction from methyl soyate.   
Optimum Conditions for Removal of 18:3 from Methyl Soyate and Methyl 
Canolate. Based on the accumulated data (Tables 1, 2, and 6) from the extractions of methyl 
soyate described above, the amount of 18:3 obtained in the hexane fraction H from a single 
extraction can be controlled by the AgNO3 loading and the amount of adsorbent used during 
the extraction.  Specifically, if the sole goal is to completely remove 18:3 from the FAMEs 
mixture, then 10.0 g of 40% AgNO3/SiO2-IWI can be used (Table 6), which reduces the 
amount of 18:3 in H to 0.0% while removing 25% of the methyl soyate solution.  If a 
FAMEs mixture containing between 0.1% and 0.5% 18:3 is desired the best adsorbent to 
employ would be 3.3 g of 30% AgNO3/SiO2-IWI, which reduces the amount of 18:3 in H to 
0.3% while removing 21% of the methyl soyate solution (Table 1).  By using 5.0 g of 40% 
AgNO3/SiO2-IWI the 18:3 wt% in H can be reduced to 0.8% while removing only 12% of 
the initial methyl soyate solution (Table 2).  A mixture containing a moderately reduced 
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amount of 18:3 (3.0%) can be obtained using 2.0 g of 50% AgNO3/SiO2-IWI, which removes 
only 6% of the methyl soyate solution (Table 1).   
Similarly, the 18:3 content in methyl canolate can be varied depending on the AgNO3
loading, amount of adsorbent, and extraction method used (Table 5).  A single extraction of 
methyl canolate with 5.0 g of 40% AgNO3/SiO2-IWI reduces the amount of 18:3 in H to 
2.1% while removing 14% of the initial FAMEs solution.  Complete removal of 18:3 can be 
accomplished using either a single extraction with 10.0 g of 40% AgNO3/SiO2-IWI or a two-
stage extraction with 5.0 g of 40% AgNO3/SiO2-IWI both of which remove approximately 
25% of the initial methyl canolate solution.  The 18:1 content of methyl canolate increases 
from 66.0% in the feed solution to 81.8% after the single extraction and to 86.3% after the 
two-stage extraction indicating that both methods can effectively remove 18:3 as well as 
large portions of 18:2.  
Comparison of adsorbents prepared by wet impregnation (WI) and incipient 
wetness impregnation (IWI). The primary goal of the current paper was to develop an 
adsorbent that has a high selectivity for 18:3 while removing a small amount of the other 
FAMEs.  The purpose of this section is to show that the adsorbents (AgNO3/SiO2-IWI) 
described in this paper, prepared by the incipient wetness impregnation method, are more 
selective for removing 18:3 than the previously reported adsorbents (AgNO3/SiO2-WI) 
prepared by the wet impregnation method.  A comparison of 18:2/18:1, 18:3/18:1, and 
18:3/18:2 ratios for extractions of methyl soyate with 5.0 g of 40% AgNO3/SiO2-IWI show 
that the 18:2/18:1, 18:3/18:1, and 18:3/18:2 ratios are much higher for the IWI adsorbent 
(34.6, 38.0, 1.1) than for 5.0 g of 40% AgNO3/SiO2-WI (13.2, 2.1, 0.2), which is likely the 
result of more uniform surface coverage by the AgNO3 units in the IWI-prepared adsorbents.   
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Conclusions 
 Silica-supported AgNO3, prepared by the incipient wetness impregnation (IWI) 
method, has a more uniform distribution of AgNO3 on the entire silica surface (including the 
pores) than AgNO3/SiO2 prepared by the wet impregnation (WI) method.  The resulting 
AgNO3/SiO2-IWI adsorbents are highly selective for the removal of 18:3 from FAMEs 
mixtures derived from soybean and canola oils.  High AgNO3 loadings give the highest 
selectivities, which suggests that a high density of Ag+ ions on the silica surface allows more 
of the double bonds in the polyunsaturated FAMEs (18:3 and 18:2) to bind to the 
AgNO3/SiO2-IWI adsorbent.  This high selectivity of 40% AgNO3/SiO2-IWI allows the 18:3 
(7.0%) in methyl soyate to be reduced to 1.3% while removing only 9.0% of the methyl 
soyate.  The same adsorbent reduces the 18:3 (7.6%) in methyl canolate to 2.1% while 
removing 14% of the methyl canolate.  The treated methyl canolate then contains 75.1% 18:1 
and 15.8% 18:2.  The 18:3 content can be reduced to 0.0% by increasing the amount of 
AgNO3/SiO2-IWI that is used in the extraction, but 25% of the methyl canolate is removed in 
the process.  In general, the AgNO3/SiO2-IWI adsorbents are able to separate FAMEs from 
natural oils and fats into a fraction that is highly enriched in polyunsaturated FAMEs and a 
fraction that is enriched in saturated and monounsaturated FAMEs. 
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Table 1. Effect of Decreasing the Amount of SiO2 on the FAMEs Composition (wt%) of the 
Hexane (H) and Diethyl Ether (G) Fractions from Extractions of Methyl Soyate with 
AgNO3/SiO2-IWI. 
 % AgNO3/SiO2 used in extractionsa
FAMEs Feed 10 20 30 40 50 
16:0 10.3 53.3 (10.0)b 16.1 (0.2)b 13.0 (0.2)b 11.3 (0.5)b 10.8 (1.0)b
18:0 4.5 29.3 (4.5) 7.4 (0.0) 6.1 (0.0) 5.3 (0.0) 5.1 (0.0) 
18:1 24.6 5.7 (26.1) 36.9 (3.6) 31.2 (2.9) 27.6 (2.0) 26.5 (2.6) 
18:2 53.6 11.7 (55.1) 39.2 (79.4) 49.4 (68.2) 54.4 (41.9) 54.6 (32.3) 
18:3 7.0 0.0 (4.3) 0.3 (16.7) 0.3 (28.6) 1.3 (55.6) 3.0 (64.2) 
18:2/18:1 ratio 2.2 2.1 (2.1) 1.1 (21.8) 1.6 (23.9) 2.0 (21.0) 2.1 (12.5) 
18:3/18:1 ratio 0.3 0.00 (0.2) 0.01 (4.6) 0.01 (10.0) 0.05 (27.8) 0.1 (24.9) 
18:3/18:2 ratio 0.1 0.00 (0.08) 0.01 (0.2) 0.01 (0.4) 0.02 (1.3) 0.05 (2.0) 
FAME 
recovered (mL) 
1.0 0.02 (0.97) 0.65 (0.35) 0.79 (0.21) 0.91 (0.09) 0.94 (0.06) 
a1.0 g of AgNO3 in each adsorbent with different amounts of SiO2.
bThe first number is the amount in the hexane fraction (H); the number in parentheses is the 
amount in the diethyl ether fraction (G). 
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Table 2. Effect of Increasing AgNO3 Loading on the FAMEs Composition (wt%) of the 
Hexane (H) and Diethyl Ether (G) Fractions from Extractions of Methyl Soyate with 5.0 g of 
AgNO3/SiO2-IWI. 
% AgNO3/SiO2 used in extractionsa
FAMEs Feed 10b 20b 30b 40b
16:0 10.3 15.6 (0.8) 16.1 (0.2) 14.0 (0.2) 11.5 (0.4) 
18:0 4.5 7.4 (0.3) 7.4 (0.0) 6.6 (0.0) 5.4 (0.0) 
18:1 24.6 33.7 (10.3) 36.9 (3.6) 33.4 (3.1) 28.2 (1.4) 
18:2 53.6 43.0 (72.3) 39.2 (79.4) 45.7 (74.3) 54.0 (46.8) 
18:3 7.0 0.3 (16.2) 0.3 (16.7) 0.3 (22.4) 0.8 (51.5) 
18:2/18:1 ratio 2.2 1.3 (7.0) 1.1 (21.8) 1.4 (24.1) 1.9 (34.6) 
18:3/18:1 ratio 0.3 0.01 (1.6) 0.01 (4.6) 0.01 (7.3) 0.03 (38.0) 
18:3/18:2 ratio 0.1 0.01 (0.2) 0.01 (0.2) 0.01 (0.3) 0.01 (1.1) 
FAME 
recovered (mL) 
1.0 0.64 (0.36) 0.65 (0.35) 0.73 (0.27) 0.88 (0.12) 
a5.0 g of AgNO3/SiO2 with different amounts of AgNO3 and SiO2.
bThe first number is the amount in the hexane fraction (H); the number in parentheses is the 
amount in the diethyl ether fraction (G). 
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Table 3. FAMEs Composition (wt%) of the Hexane (H) and Diethyl Ether (G) Fractions 
from Extractions of Methyl Soyate with 2.0 g of 50% AgNO3/SBA-15-IWI. 
FAMEs Feed 50% AgNO3/SBA-15 
16:0 10.3 11.4 (0.3)a
18:0 4.5 5.4 (0.0) 
18:1 24.6 28.0 (2.7) 
18:2 53.6 53.9 (51.1) 
18:3 7.0 1.2 (45.9) 
18:2/18:1 ratio 2.2 1.9 (19.2) 
18:3/18:1 ratio 0.3 0.04 (17.2) 
18:3/18:2 ratio 0.1 0.02 (0.9) 
FAME  
recovered (mL) 
1.0 0.57 (0.10) 
aThe first number is the amount in the hexane fraction (H); the number in parentheses is the 
amount in the diethyl ether fraction (G).   
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Table 4. FAMEs Composition (wt%) of the Hexane (H) and Diethyl Ether (G) Fractions 
from Extractions of Methyl Soyate with 5.0 g of Regenerated 20% AgNO3/SiO2-IWI. 
20% AgNO3/SiO2
FAMEs Feed 1st 2nd 3rd 4th 
16:0 10.3 16.1 (0.2)a 16.2 (0.2)a 14.8 (0.2)a 14.9 (0.2)a
18:0 4.5 7.4 (0.0) 7.7 (0.0) 7.0 (0.0) 7.1 (0.0) 
18:1 24.6 36.9 (3.6) 35.3 (7.8) 33.6 (6.2) 33.4 (7.6) 
18:2 53.6 39.2 (79.4) 40.4 (75.4) 44.2 (72.4) 44.1 (72.5) 
18:3 7.0 0.3 (16.7) 0.4 (16.6) 0.5 (21.3) 0.4 (19.7) 
18:2/18:1 ratio 2.2 1.1 (21.8) 1.1 (9.7) 1.3 (11.8) 1.3 (9.6) 
18:3/18:1 ratio 0.3 0.01 (4.6) 0.01 (2.1) 0.01 (3.5) 0.01 (2.6) 
18:3/18:2 ratio 0.1 0.01 (0.2) 0.01 (0.2) 0.01 (0.3) 0.01 (0.3) 
FAME 
recovered (mL) 
1.0 0.65 (0.35) 0.63 (0.37) 0.69 (0.31) 0.68 (0.32) 
aThe first number is the amount in the hexane fraction (H); the number in parentheses is the 
amount in the diethyl ether fraction (G). 
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Table 5. FAMEs Composition (wt%) of the Hexane (H) and Diethyl Ether (G) Fractions 
from Successive Extractions with 5.0 g of 40% AgNO3/SiO2-IWI and from a Single 
Extraction with 10.0 g of 40% AgNO3/SiO2-IWI of Methyl Canolate. 
40% AgNO3/SiO2
FAMEs Feed 1st – 5 g 2nd – 5 ga 10 g 
16:0 4.5 4.5 (0.0)b 7.8 (0.3)b 5.5 (0.0)b
18:0 2.5 2.6 (0.0) 4.4 (0.0) 3.0 (0.0) 
18:1 66.0 75.1 (11.8) 86.3 (65.5) 81.8 (23.6) 
18:2 19.4 15.8 (48.0) 1.6 (22.4) 9.8 (47.7) 
18:3 7.6 2.1 (40.2) 0.0 (11.8) 0.0 (28.7) 
18:2/18:1 ratio 0.29 0.2 (4.1) 0.0 (0.3) 0.1 (2.0) 
18:3/18:1 ratio 0.12 0.03 (3.4) 0.0 (0.2) 0.0 (1.2) 
18:3/18:2 ratio 0.4 0.1 (0.8) 0.0 (0.5) 0.0 (0.6) 
FAME  
recovered (mL) 
1.0 0.85 (0.14) 0.70 (0.14) 0.74 (0.25) 
aThe feed for the second extraction was the H fraction from the first extraction 
bThe first number is the amount in the hexane fraction (H); the number in parentheses is the 
amount in the diethyl ether fraction (G). 
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Table 6. FAMEs Composition (wt%) of the Hexane (H) and Diethyl Ether (G) Fractions 
from Successive Extractions with 5.0 g of 40% AgNO3/SiO2-IWI and from a Single 
Extraction with 10.0 g of 40% AgNO3/SiO2-IWI of Methyl Soyate. 
40% AgNO3/SiO2
FAMEs Feed 1st – 5 g 2nd – 5 ga 10 g 
16:0 10.3 11.4 (0.4)b 14.6 (0.0)b 13.8 (0.4)b
18:0 4.5 5.5 (0.0) 6.3 (0.0) 6.4 (0.0) 
18:1 24.6 28.2 (1.4) 30.6 (8.6) 30.1 (10.0) 
18:2 53.6 54.1 (46.9) 48.4 (86.3) 49.7 (63.1) 
18:3 7.0 0.8 (51.4) 0.0 (5.1) 0.0 (26.5) 
18:2/18:1 ratio 2.2 1.9 (34.3) 1.6 (10.0) 1.7 (6.3) 
18:3/18:1 ratio 0.3 0.0 (37.5) 0.0 (0.6) 0.0 (2.7) 
18:3/18:2 ratio 0.1 0.01 (1.1) 0.0 (0.1) 0.0 (0.4) 
FAME  
recovered (mL) 
1.0 0.89 (0.12) 0.78 (0.12) 0.75 (0.25) 
aThe feed for the second extraction was the H fraction from the first extraction 
bThe first number is the amount in the hexane fraction (H); the number in parentheses is the 
amount in the diethyl ether fraction (G). 
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CHAPTER 5: GENERAL CONCLUSIONS 
 
This dissertation discusses my accomplishments at Iowa State University in three 
separate areas of research involving olefin binding by transition metals: 1) studies of the 
orientation, rotational fluxionality, and lability of bound olefins in CpRu(CO)(L)(2-olefin)+
complexes; 2) investigations into the factors that play a role in the release of cis-olefin from 
CpRu(CO)2(2-trans-olefin)+ complexes; and 3) the use of AgNO3/SiO2-IWI adsorbents to 
preferentially remove the polyunsaturated FAME, 18:3, from solutions of methyl soyate and 
methyl canolate. 
 In Chapter 2, the synthesis and spectroscopic characterization of the first transition 
metal complex of methyl oleate (18:1), CpRu(CO)2(2-18:1)+, was described.  Further 
syntheses with smaller olefins chosen as models for FAMEs molecules resulted in the 
formation of several new Ru(II)-olefin complexes.  The trans-3-hexene complexes all exhibit 
rapid rotation of the olefin around the metal-olefin bond even at -35ºC, whereas the rotational 
fluxionality of the other complexes could not be definitively determined. An X-ray structure 
of CpRu(CO)(PPh3)(2-cis-3-hexene)+ shows that the olefin C=C double-bond is parallel to 
the Cp ring in the solid state.  Kinetic studies involving olefin substitution on the metal 
complexes by PPh3 showed that the lability of the 18:1 and the smaller cis-3-hexene are 
similar and that olefin dissociation is enhanced by increasing steric interactions between the 
olefin and the Cp ligand. 
 In Chapter 3, the synthesis and characterization of several new Ru(II)-olefin 
complexes, CpRu(CO)2(2-trans-olefin)+, were reported.  Substituting ligands (L), such as 
phosphines and pyridines, promote the release of both trans-olefin and cis-olefin during the 
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formation of CpRu(CO)2(L)+. Pyridines containing the electron-donating groups, e.g., 
methyl and methoxy, in the para-position cause the release of the highest amounts of cis-
olefin during the reaction with CpRu(CO)2(2-trans-olefin)+. Incoming ligands that are 
either too bulky or that have extremely high or low pKa values release only trans-olefin 
during the reaction whereas smaller ligands with moderate pKa values promote the release of 
both cis- and trans-olefin.  The amount of cis-olefin released during the course of the 
reaction is dependent on several factors: temperature, solvent polarity, identity of the 
substituting ligand, amount of the substituting ligand, and identity of the bound-olefin.  A 
mechanism, proposed for the formation of the cis-olefin, involves olefin-slippage from 2 to 
1-coordination in the rate-determining step for cis-olefin formation.  The trans-olefin 
released during the course of the reaction is proposed to occur by simple olefin substitution.     
 Chapter 4 describes the synthesis of AgNO3/SiO2 adsorbents prepared by incipient 
wetness impregnation and their use in the extraction of the polyunsaturated FAME, 18:3, 
from solutions of methyl soyate and methyl canolate.  In comparison to adsorbents 
previously prepared by wet impregnation, the IWI-prepared adsorbents exhibit higher 
selectivities for both 18:3 and 18:2 due to a more uniform surface coverage by AgNO3 units.  
Depending on the wt% of AgNO3 and the amount of adsorbent used, the amount of 18:3 left 
in the methyl soyate feed solution can be varied from 3.0% to 0.0% while removing 6% and 
25% of the initial FAMEs solution, respectively.  Removal of 18:3 from methyl soyate 
decreases its susceptibility to air oxidation, which makes it more useful in cooking oils and 
lubricants.  The diethyl ether extracts, rich in polyunsaturated FAMEs, can be used as drying 
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